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CHAPTER 1: GENERAL INTRODUCTION
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1.1 INTRODUCTION
Electroanalysis has progressed rapidly during the last half century due to the development
of more detailed electrochemical theory and modem electronic instrumentation [1-4].
Furthermore, electrochemical techniques have contributed to research advances in the
fields of organic, inorganic, and more recently, bio-chemistry because the control of
oxidation and reduction processes by electrolysis is much more precise than is possible
with conventional chemical reactants [5-12].
There are many advantages associated with the use of modern electrochemical
instrumentation and techniques, especially in the area of electroanalysis:
•

instrumentation can be made portable [13-15]

•

power consumption is relatively low

•

no expensive instrumental accessories are needed

•

suitable for automatic on-line monitoring [13,14]

•

no additional instrumentation is required for multi-elemental analysis

•

suitable for in-situ measurements [14]

•

analyses may be performed in either organic or inorganic solvents

•

detection limits can be in the low ppb or ppt range.

As a result of rapid advancement in the field of electrochemistry, electrodes other than
mercury began to attract serious attention [14]. Solid electrodes such as Pt, glassy carbon
(GC) and carbon paste (CP) could be used for certain determinations not previously
possible [14]. Anodic stripping voltammetry (ASV) became a commercial reality and was
even able to compete in sensitivity, for certain elements, with atomic spectroscopy [14].
In the 1970's, electrochemistry branched into two important fundamental directions i.e.
towards modified electrodes and photoelectrochemistry [14]. Therefore, advancement in
electrochemistry benefited many scientific disciplines such as, pharmacology e.g. the use
of electrochemical flow cells for liquid chromatography.

Currently certain analytical determinations are required to be made at extremely low
concentrations and often the use of a preconcentration step is necessary [15].
Preconcentration in trace analysis improves the limits of detection and eliminates or
reduces the presence of potential interferences [15]. Presently, the main methods used
for preconcentration involve solvent extraction, solid phase extraction, precipitation and
coprecipitation, evaporation, crystallisation, ashing and sorption [16].

Selective

preconcentration involves separation of the compounds of interest out of the matrix
solution.
It is common knowledge that preconcentration improves the limits of detection but on the
other hand, preconcentration increases the total analysis time and sometimes complicates
the analytical process. Other disadvantages associated with preconcentration techniques
also exist. For instance, special working procedures are often necessary, reagents of
high purity must be used, special equipment and special materials are also required.
Preconcentration by electrochemical methods is relatively inexpensive and easy to use
since it can be performed in-situ as part of the analyses. For example, in trace metal
analysis the most commonly used electroanalytical method is stripping voltammetry,
which uses a preconcentration step as part of the overall analytical scheme [17-19].
Electrochemical preconcentration (ECPC) of trace metals from an agitated solution into or
onto the working electrode is carried out as follows. The preconcentration procedure is
normally carried out by applying a sufficiently negative potential to the working electrode
which deposits or amalgamates the metal ions from the dilute sample solution onto or into
the working electrode respectively, e.g. Equation 1.1.
M°+ (at low concentration in electrolyte) + ne_

M (concentrated in the electrode)
Eq. 1.1

Where:
Mn+ = metal cations in solution (in their oxidised states)
M

= metal (in its reduced form)

ne"

= number of electrons required for reduction
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After a short preconcentration period (e.g. 1-5 min.) the concentration of trace metals in
the very small electrode volume or area will be some orders of magnitude greater than in
the bulk sample solution. On the other hand, when a positive electrode potential is
applied to the working electrode the preconcentrated trace metals are subsequently re
oxidised to ions (Mn+) and stripped from the working electrode. Immediately the
electrons are expelled from the working electrode (Faraday’s Law) a large current results
(Equation 1.2).

M (concentrated in the electrode) - ne-

Mn+ (concentrated around the electrode)
Eq. 1.2

The electrons which were released by the electro-oxidation constitute the anodic current
(Equation 1.2). From the recorded voltammogram, the signal or the peak current is
directly proportional to the bulk concentration of metal ion in solution, as long as the
preconcentration period and stirring rate are held constant. By integrating the area under
the signal peak (current/potential curve) a more accurate measure of the concentration can
be obtained.
Electroanalytical techniques have been improved by advances in instrumentation e.g. the
development of modern electronics and microprocessors. In addition, increased
capabilities are now available for designing and applying different potential waveforms as
well as for data collection and treatment [1-4,14]. However, despite these advances
limitations still exist for many problems can be attributed to the number of working
electrode materials [20]. Normally, the choice includes Hg, Au, Pt, Ag and carbon
electrodes (e.g. spectroscopic graphite, carbon paste, pyrolytic graphite, glassy carbon
and reticulated vitreous carbon) [14,20]. As a result, the development of new electrode
materials has received the attention of an increasing number of workers. In this chapter a
number of electrode materials are described.
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1.2

ELECTRODE MATERIALS

It is well known that the rate of electron transfer across an electrode/solution interface is
dependent on the physical and chemical properties of the electrode material [15]. The
selection of electrode material for a particular application depends largely on experimental
observations rather than theory. The major types of electrode materials employed in
electroanalysis are discussed below.

1.2.1

Mercury Electrodes

In the past, electroanalysis has been primarily carried out with mercury electrodes.
Mercury electrodes were popularised and adopted for various electroanalytical techniques
since they provide:
• Renewable and reproducible electrode surface. The electrode surface does not require
any pretreatment or polishing.
• Large overpotential for hydrogen evolution makes it ideal for carrying out cathodic
processes. It is therefore possible in neutral and alkaline aqueous solutions to reduce
alkali metal cations with mercury electrodes. Furthermore, with the use of special
supporting electrolytes (e.g. tetraalkylammonium salts) it is possible to extend the
negative potential range.
Overall, mercury is an excellent electrode material but like most conventional electrodes it
suffers from certain limitations. Mercury is easily oxidised especially in the presence of
anions which precipitate or complex with mercuric and mercurous ions, i.e. halides,
cyanides, thiocyanates, thiosulphates, and hydroxides [20]. Therefore, mercury is rarely
used for anodic analytical procedures except for certain elements which are more easily
oxidised such as, Cr(II), Fe(II) and Cu(I) [20]. In short, mercury electrodes have serious
limitations particularly in applications at positive potentials and this has led to extensive
research in the development of solid metal electrodes, carbonaceous electrodes and
chemically modified electrodes (CME’s).
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1.2.2

Solid electrodes

Noble metals such as gold and platinum are the most common solid metal electrodes used
for analytical purposes because they are obtainable in relatively high purity, are easy to
machine and can be made into various geometric shapes, e.g wires, sheets and woven
gauzes. However, platinum group metals have relatively small overpotentials for
hydrogen evolution. Platinum can readily adsorb hydrogen and this property can be
utilised to advantage in certain electrochemical applications [21]. Gold has a larger
hydrogen overpotential relative to platinum and it does not appreciably adsorb hydrogen,
for this reason gold is a suitable material for some cathodic analytical techniques.
At anodic potentials, these noble metals form oxide films in aqueous solutions. This
oxide layer formation can be advantageous to trace analysis [22-29]. At the positive
potential range, gold is more readily oxidised than platinum especially in the presence of
complexing anions such as halides or cyanides.
Just like their metal counterparts, it was also discovered that certain carbon materials were
ideally suited for specific chemical reactions. Several different forms of carbon are
presently used for electrochemical purposes. These carbon materials are carbon paste
(CP), glassy carbon (GC), carbon foil (CF), carbon cloth (CC) and reticulated vitreous
carbon (RVC)[30].
The use of vitreous and glassy carbon for electrode construction was first suggested by
Yamada and Sato in 1962 because glassy carbon is an electrically conductive material,
obtainable in a relatively pure form, impermeable to gas and is highly resistant to chemical
attack [31]. Other advantages associated with glassy carbon are: low cost, simple
pretreatment (by polishing with alumina slurry), large hydrogen overpotential and
increased reversibility for certain redox reactions which involve subsequent proton
transfer [32-42]. Glassy carbon is by no means an ideal or perfect electrode material, it
too has some limitations: for example, it produces high residual currents especially in
high oxidative studies e.g. oxidative amperometry [43]. Furthermore, at high current
densities its surface deteriorates (surface roughening or pitting) [44].
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Carbon cloth (CC) electrodes are constructed or woven from hydrocarbon polymer
fabrics. They have a voltage range similar to other carbon electrodes, but unfortunately
the material suffers from one major disadvantage in that it produces relatively high
background currents which make them unsuitable for electroanalysis. Carbon cloth is
used mainly in areas of electrochemistry where its high surface area, good mechanical
property and the ability to withstand high current densities are advantageous [30,45].
Reticulated vitreous carbon (RVC) is a glass like carbon which is porous, having a free
void volume of about 97% and a large surface area [29,46]. This material can be used in
many electrochemical applications, especially in the area of flow through cells analyses.
Because RVC is a very inert material it can be used in either strongly acidic or basic
solutions or even in the presence of strong oxidants and reductants. In addition, the
material has a useable potential range from about -1.0V to +1.2V, at pH 7.
Carbon foil (CF) is a relatively new electrode material used in the area of electroanalysis
because it is conductive, flexible and relatively inexpensive. Due to these reasons, CF
can be used to construct irregular geometric electrodes and its low cost permits the
electrodes to be disposable [30]. Presently, carbon foil is mainly used as a substrate
material for the preparation of mercury film electrodes and polymer mercury film
electrodes [30].
With all of the above solid electrodes, surface pretreatment is normally required to achieve
optimum performance. This is a major problem associated with all solid electrodes. In
most cases, the solid electrode performance declines with time due to adsorption of
solution impurities, and consequently the electrode becomes unsuitable for quantitative
work. In summary, the limitations of conventional solid electrodes are:
•

surface adsorption of organic materials

•

formation of various surface oxides

•

formation of adsorbed hydrogen films

•

inability to reproduce the electrode surface
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An important parameter of electrochemical methodology is the ease with which solution
species can be extracted from the sample solution either into or onto an electrode by, for
instance, a controlled-potential deposition method. Such an extraction method enables
species in question to be preconcentrated at the electrode, which can then be analysed by
any number of electrochemical techniques. The electrochemical preconcentration step
provides the means of improving the detection limits of the technique used for the
analytical step but is by no means ideal or perfect; it has some disadvantages, some of
which are:
•

Electropreconcentration with the use of MTFE’s, solid electrodes or CME’s is
restricted or presently limited to approximately 30 metallic elements [15].

•

Interference problems such as formation of intermetallic compounds, organic
compounds adsorbing onto the electrode surface, loss of analyte and oxygen
interference do occur [13,15].

1. 2. 3

Chemically modified electrodes

Modification of the electrode surface has been investigated in order to lower the activation
potential of certain solid electrodes and enhance both sensitivity and selectivity [43,47].
Chemically modified electrodes (CME's) were designed primarily to control the molecular
structure at the surface aimed to tailor the electrode to meet specific applications [47].
Ideal CME’s have fast response times (from a few seconds to 1 minute) and because of
this favourable property they can be utilised in real-time analysis. For example, they can
be used as on-line sensors in service industries such as medicine, pathology, and in
various industrial process operations. Additionally, CME’s can be used in field based
applications [13,15]. In the future, more and more CME’s will be developed and used
for specific practical applications particularly for clinical assays and environmental
analyses.
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The first chemically modified electrodes was a carbon paste electrode (CPE) which was
developed and used by Adams in the late 50’s [47]. A typical CPE was simply a mixture
of fine graphite powder and a certain mulling liquid which was mounted or pasted onto a
solid conventional electrode. The construction of CPE’s with Mulling liquids, such as
mineral oil (Nujol), bromoform and bromonaphthalene was possible because of their
favourable physical and chemical properties, e.g. high purity, low viscosity and low
solubility in the medium of use. Methods of CPE preparation have been described in
various publications [15,30,47].
In order to overcome some of the limitations discussed above the development of
chemically modified electrodes has been addressed recently [48-53]. The benefits of
modifying the electrode are:
•

chemically modified electrodes were developed in order to carry out a reaction
which was not previously possible with an unmodified surface.

•

conventional electrodes may also be modified in order to preconcentrate a reactant
so that very low concentrations can be determined.

•

conventional electrodes can be modified to prevent undesirable reactions from
competing with the desired electrode processes.

A variety of methods is currently available to produce chemically modify electrode
surfaces.
1. Construction of CME’s by Chemisorption. This method utilises chemical reagents
that adsorb onto conductive substrates to form monomolecular layers or thin films. Much
of the early developmental work on chemisorption was carried out by Lane and Hubbard
in 1973 [54-57].
2. Construction of CME’s by Covalent bonding. Covalent bonding of reagent to the
conductive substrate was mostly pioneered by Murray in 1984 [58].

Surface

functionalities which exist both on carbon and metal electrodes were used to advantage in
order to produce covalently attached species [33,51,53]. For example, carbon surfaces
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have large numbers of carboxylic and hydroxyl functional groups which can be altered or
chemically modified for a specific application. This chemical manipulation is carried out
by reacting surface functionalities with thionyl chloride (SOCI2) to produce acyl chloride
derivatives (R-COC1) then further reacting with an amine (containing modified
functionalities) to form an amide linkage on the electrode surface, e.g. Equations 1.3 and
1.4.
Carbon-COOH + SOCl2

Carbon-COCl
Eq. 1.3

Carbon-COCl + HNR2

Carbon-CONR2
Eq. 1.4

Carbon surface functionalities such as hydroxyl groups (-OH) can also be conventionally
modified with thionyl chloride reagent to produce acyl chloride and finally amide linkages
on the carbon surface, e.g. Equations 1.5 and 1.6.

Carbon-OH + SOCl2

Carbon-COCl + SO2 + HC1
Eq. 1.5

Carbon-COCl + HNR2 + NaOH -> Carbon-CONR2 + NaCl + H20
Eq. 1.6

Like carbon materials, metal surfaces can also be conveniently manipulated or chemically
modified because they contain oxide sites which are suited for certain chemical reactions
[25,26,53]. Basically, this procedure is carried out by treating the substrate with a strong
acid in order to produce a surface rich in hydroxyl groups and then reacting the formed
functionalities with chlorosilanes or alkoxysilane to produce a desired product on the
electrode surface.
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Metal-0 + HC1 -* Metal-OH
Eq. 1.7

Metal-OH + XSiR3 -» Metal-OSiR3
Eq. 1.8
Where:
XSiR3 = Chloro or alkoxysilanes (can have 1-3 reactive groups and can form,
at most, two bonds with the electrode surface).

Electrode modification by covalent bonding techniques advanced prior to the 1970’s but it
has generally slowed down due to problems associated with the method. The preparation
of CM E’s with covalent bonding is tedious, complicated and time consuming. In
addition, electrode reproducibility is a problem.
3. Construction of CME’s by physical mixing to form heterogeneous multimolecular
layers [55-58]. Examples include mixing the reagent with carbon paste, clay or zeolites.
A carbon paste mixture (graphite powder and Nujol oil) is chemically impregnated with
specific compounds in order to be used as an electrochemical sensor. One such example
is the incorporation of dimethylglyoxime into the carbon paste mixture for the
determination of nickel(II) and uranium(VI) [59]. The concept of using chemical
functional groups on electrode substrates as anchoring points for the purpose of attaching
reagents (by covalent bonding) is now widely used.
4. Construction of CME’s by electrochemical polymerisation [60-64]. The synthesis of
polymers can be divided into two main categories, namely chemical and electrochemical
methods [53]. Many conducting polymers can be synthesised via chemical synthesis, but
generally little control can be implemented over certain factors, i.e. polymer morphology
and purification. In recent years a number of alternative synthetic routes [65] have been
found in order to overcome these problems but still the task remains prone to certain
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difficulties such as improving the stability of CME's while not diminishing their
selectivity [65]. On the other hand, electrochemical polymerisation (ECP) can overcome
these problematical areas. In addition, it has other advantages in comparison to chemical
synthesis such as the simplicity of the technique, and the synthesis can be carried out insitu on an electrode.
Electrochemical polymerisation can be carried out with suitable organic monomers such
as, pyrrole [66-71], aniline [70-80] and thiophene [81-90]. The main requirements being
that the monomer has an oxidation potential which is accessible in a suitable solvent.
Furthermore, electrochem ical synthesis offers rigid control over the oxidative
electrosynthesis process in comparison to conventional chemical oxidative techniques
[91].

Specific details of electrochemical polymerisation (ECP) are discussed in

subsequent sections but in general the method is the same for all polymers.
The monomer is simply dissolved in a suitable solvent, containing the required
supporting electrolyte, and then anodically polymerised onto some inert substrate.
Generally, three electrochemical (EC) methods can be used to synthesise polymer films:
1.

Galvanostatically (using a constant applied current)

2.

Potentiodynamically (using a cyclic sweep or pulsed potential)

3.

Potentiostatically (using a constant applied potential).

The EC polymerisation using the first method will generally result in inferior polymers in
comparison to potentiodynamic or potentiostatic methods [78,92]. Post ECP the bulk of
the polymer film will attain a positive charge while the negative charged ions
(counterions) will be incorporated into the polymer structure in order to maintain overall
polymer electroneutrality. Additionally, the type of anions (counterions) incorporated
into the polymer film greatly affects the polymer morphology [78,92].
Often, post ECP modifications are necessary in order to construct novel CME’s. This
post polymerisation modification can be carried out with techniques such as, ion
exchange (IE) [93-97] and with chemical derivatisation methods [58,60-64]. The ion-
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exchange technique will incorporate the desired anion into the CME while the chemical
derivatisation method will incorporate a specific functional group into the polymer. These
modifications are carried out in order to enhance the EC preconcentration efficiency or
selectivity of the CME’s.
Operation of CME's in any analytical chemistry can incorporate the preconcentration
procedure. Just like their mercury thin film (MTF) counterparts, CME’s can also be used
for such a purpose. More specifically, CME’s can be used for selective preconcentration
procedures [17-19, 52, 98].
The preconcentration procedure using CME’s is carried out by reacting the desired
analytes with the functional groups which were specifically attached to the electrode
surface. Such reactions may include ion-exchange (IE), complexation and covalent
attachment. With the IE method, ionic analytes can be successfully concentrated by
electrostatic attraction to surface bound ion exchangers. For example, one of the most
popular anion exchanger is poly(4-vinylpyridine) which can bind anions from solution
[99]. The binding between the electrolyte anions and the ionic analytes for the binding
sites within the CME is selective. The most common cationic exchanger is Nafion
(perfluorosulphonate ionomer) [100].
Another preconcentration method involves the attachment of complexing ligands onto the
electrode surface. This is subsequently employed for the separation and concentration of
the analytes onto the CME utilising coordination reactions [101]. For example, Wallace
and O’Riordan [102] introduced dithiocarbamate ligands into conductive polypyrrole
films as a complexing functional group in order to detect Cu(II) cations. Analytes can
also be preconcentrated into CME’s with covalent reactions, i.e. reacting analytes with the
active functional groups which reside on the modified electrode surface (see Eq 3-6). In
summary, not only can various mercury electrodes be used for analytical EC
preconcentration procedures but their CME counterparts can be used as well.
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Generally, one major disadvantage associated with CM E’s is that they do not perform
well in all electrolytes. Most CME’s are only suited for a particular sample matrix (or to a
relatively small number of electrolytes) [103]. Therefore, if for some reason the
electrolyte is changed or altered then automatically the electrode performance will also
spontaneously change, deteriorate or totally cease [103].
Another problem associated with CME’s arises from the fact that active sites will become
saturated at high analyte concentrations. Therefore, in order to overcome associated
problems new techniques are being developed which enhance both the sensitivity and
selectivity of CME’s. The area of sensitivity enhancement has been actively pursued. On
the other hand, in order to increase the selectivity of CME’s researchers are investigating
other parameters such as the use of novel materials, multicomponent complexes, size
exclusion and the combined effect of ion exchange with surface complexes.
The working potential range of CME’s is also an important consideration. The dynamic
range of the CME should be sufficiently wide to cover the potential range of interest. In
practical terms, CME’s are designed to solve specific problems or are tailored for a
defined application.
Reversibility is also a desired property of CME performance, it is essential for continuous
monitoring. For this reason, CME’s ideally must be stable over time and reliable under
sometimes harsh conditions.
An alternative approach is that CME’s can be made at costs which make them inexpensive
and disposable; relatively cheap substrate materials such as, RVC, CC, CF, metallic
foam, Au-cloth, Au-foil, Sn-foil and Ag-cloth have been used [30]. Most of these
materials are currently widely available. From the Au-foil substrate a large single CME
can be synthesised and then from it many smaller size CME’s constructed simply by
cutting or “punching them out” with standard laboratory equipment. Additionally, not
only can CME’s be relatively small in size but they can also be quite flexible which makes
them well suited for field work applications, in comparison to other electrodes such as
DME’s.
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1 . 2. 4

Disadvantages of CME’s

Often CM E’s deteriorate with extensive use and need to be periodically renewed or
regenerated. Currently, this process of regeneration is carried out by simple chemical
means such as by adjusting the pH and soaking the working electrode into various
solutions. With most CME’s, regeneration can be carried out but not to 100% efficiency
[1 0 4 ].

1.3

AIMS OF THE PROTECT

The overall aim of this project was to develop disposable Chemically Modified Electrodes
for specific applications. The principal aim was to synthesise novel and disposable
CME’s which are able to determine trace amounts of heavy metals (Pb) and a naturally
occurring organic acid (oxalate) in standard solutions and in real samples, such as urine.
The development of CME's for lead determinations was carried out for important
environmental applications and clinical analyses. For example, determinations of lead in
the human body are now assuming increasing importance in assessing exposure to this
toxic substance and relating the levels of the metal to various pathological conditions. The
analysis of urine is a convenient way to monitor the metal in the human population and it
is also easy to collect and handle. Therefore, trace metal monitoring in the body is
important in controlling lead levels in the general population. This task of urinary lead
electroanalysis will be investigated with polymer based mercury thin film electrodes
(PBMTFE’s) modified with selected organic polymers, such as polytyramine and
polypyrrole.
The second aim was to develop an oxalate sensor. Conventional oxalate determinations
are tedious, time-consuming and subject to errors if great care is not exercised in the
handling and measurement of samples [105,106]. Most analytical methods for measuring
oxalate in urine require the preliminary separation of oxalate from potential interfering
substances, e.g. urinary proteins [107]. However, our aim was to develop novel and
disposable CME's for direct oxalate determinations in urine. Electrodes which were
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investigated for such a task were designed to be used for one determination only before
being discarded. In addition, disposable electrodes were designed because they are easy
to make and are relatively inexpensive.
If the working electrode cannot be applied to a practical situation then the electrode is of
no analytical use. Therefore, another major objective and intention was to synthesise
novel CME’s which can be applied to solve specific practical problems, e.g. analysis of
lead and oxalate in urine.

CHAPTER 2:
SYNTHESIS AND CHARACTERISATION
OF POLYMERS
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2 .1
2. 1. 1

INTRODUCTION
Conductive polymer electrodes

Conjugated organic polymer synthesis by electrochemical means has been shown to be a
superior method relative to conventional chemical means for obtaining good quality,
highly conductive and flexible films [108]. In addition, the use of electrochemical
methods enables a wide range of counterions to be incorporated into the polymer
backbone to modify the polymer film properties. For example, it was reported that
polypyrroles with different counterions show conductivities which vary over five orders
of magnitude [109]. Pyrrole, aniline and 3-methylthiophene were used for the synthesis
of polymer films in this work. These monomers when polymerised electrochemically
form electronically conductive polymers [110]. This property enables the use of the
polymer film itself as the electrode material. In addition, the chemical properties of these
polymers are readily modified in-situ by incorporation/expulsion of different counterions
as shown in Equation 2.1 and 2.2.

(PP)°n + A- -> (PP)+nA" + eEq. 2.1

(PP)+n A- + e- -♦ (PP)°n + A '
Eq. 2.2
Key:
n = 2-6
A = Anions
(PP) = Polypyrrole polymer
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In this chapter, the use of electrochemical polymerisation (ECP), and the characterisation
of each polymer using cyclic voltammetry are described.
Polypyrrole has been prepared by oxidation of the monomer on inert conducting
substrates such as platinum [112], gold [113], glassy carbon [114], carbon-foil [115]
and carbon cloth [115]. In addition, polypyrrole films can be synthesised in either
aqueous or acetonitrile solutions enabling the incorporation of a wide range of
counterions. The mechanism of pyrrole polymerisation is believed to take place via the
radical cation of the monomer which in turn reacts with another radical to give a dimer,
with a loss of two electrons [116-118]. At a potential where this oxidation occurs,
dimers or higher oligomers can also be oxidised and thus could react further with
themselves and radical cations of the monomer to build up the pyrrole chain as described
in Equation 2.3.

Eq. 2.3
The reaction stops when the radical cation of the chain becomes unreactive or “when it
becomes sterically blocked”. The final physical appearance of the polymer is black in
colour and its colour intensity depends on the film thickness. When polymerisation is
complete the polymer film becomes conductive and acquires a polycationic property
(anion exchanger). Therefore, because of this ability to anion exchange, the polymer
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network can be “doped” or “undoped” with selected anions until suitable properties are
obtained.
Polypyrrole CME's are stable to cycling between the potential range of -1.0 and +0.7 V in
aqueous solutions [118]. Extending the negative potential limit has little effect on the
cyclic voltammogram characteristics [118]. On the other hand, if the thin films are
extended to potentials greater than +0.8V the resultant current became smaller due to
polymer degredation [118]. In addition, water oxidation can be observed at anodic
potentials between +1.4 V and +1.6V using Pt/PP electrodes (i.e. gas evolution results in
blistering of the polymer film). Polypyrrole CME's show various E 1/2 and peak
separation (AE) values depending on the polymer counterion incorporate. These EC
observations result from properties of the incorporated anion e.g. negative charge and
anion size [80]. With the use of cyclic voltammetry the relationship between peak current
(ip) and scan rate (v) show changes with increasing anion size incorporation [80].
Further information on the effect of counterion incorporation on the EC oxidationreduction process of polypyrrole can be found in standard electrochemical publications.
The effect of post polymerisation treatment on the CME morphology has been
investigated. Oxidised or overoxidised polypyrrole CME’s were synthesised for a
number of reasons, i.e. to increase the polymer porosity [119,120], to form an
electronically non-conductive but ionically conductive film, to produce ion-selective
properties based on the exclusion of anionic species and to reduce the background current
[120,121]. These overoxidised CME’s were subsequently used for the investigation of
oxalate trace determinations in standard aqueous solutions and finally in real samples
such as urine.
Thiophene is a polyheterocyclic molecule similar to pyrrole but the nitrogen is replaced by
sulphur. The actual monomer used in the construction of CME’s for the purpose of
oxalate sensing was a derivative of thiophene, i.e. 3-methylthiophene. This particular
monomer was selected because it has been reported that during polymerisation it forms a
more regular and homogeneous material in comparison to other monomers such as,

polypyrrole, polythiophene or poly(3,4-dimethylthiophene) [112]. Also, the alkyl group
decreases the oxidation potential of the polymer. The polymer is conductive and stable
both in acetonitrile and in aqueous solutions. It has been reported that the polymer
conductivity increased with increased doping levels [109,112]. Equation 2.4 illustrates
the oxidised (doped) and reduced states of polythiophene.

\*

/
+e
- e

OXIDISED STATE

CH 3

AS
A /V

\

nc h 3 L

REDUCED STATE

Eq. 2.4

Key:
A = Counterion, such as C104‘, BF4- and PF6“
n = 2-4

Other workers have shown that superior polythiophene films are formed at lower
temperatures [110,122,123] and recommended that ECP be carried out at about 5°C.
Poly thiophene conducting polymers can be synthesised by oxidising the monomer from
solution in the presence of selected supporting electrolytes, such as tetrabutylammonium
tetrafluoroborate (TBATFB). Electrochemical polymerisation of poly(3-methylthiophene)
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was carried out on substrates such as platinum, gold, GC and CF electrodes. Equation
2.5 illustrates the electrosynthesis of poly(3-Met) polymer.

Eq. 2.5
Key:
Me

= Methyl

TBATFB = Tetrabutylammoniumtetrafluoroborate
Ag/Ag+

= Reference electrode

n

= 2-4

The monomer aniline is an aromatic amine (aminobenzene).

Like pyrrole,

electrochemical polymerisation (ECP) of aniline is generally synthesised by three EC
m ethods which are: constant current (galvanostatically), constant potential
(potentiostatically) or by potential scanning or sweeping methods [92] and on similar
inert conductive substrates.
Galvanostatic ECP consists of a two-electrode assembly dipped in an electrolyte
containing the aniline monomer. Passing a current density will result in polymerisation on
the surface of the substrate electrode. ECP of aniline by the galvanostatic method will
produce a film which adheres poorly to the electrode [78,92]. On the other hand, ECP by
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continuous cycling produces an even polymeric film which adheres strongly to the
electrode surface [78,92]. As these conducting films are in the oxidised state, they
represent polyaniline cations, and their net charge of zero which is achieved by the
incorporation of counter anions from the electrolyte solution (e.g. C l ').
Once synthesised, aniline polymers can be used as novel electrode materials because the
film can be cycled between oxidised and reduced states which are both conducting [124].
The conductivity of polyaniline is dependent on various parameters; for example,
temperature [116], pH [117,118], humidity [117], oxidation state [117], and counterion
doping levels [117,125].
Polyaniline modified electrodes have attracted a lot of attention lately due to their
interesting electrical properties and the ability to be anion doped [125]. Since aniline
polymers have good conductivity [115], stability [115], processability [115] and the
capacity to be anion doped [117,125] they were considered in this work. It was reported
[119,125] that the polymer has a narrow potential range (-0.20V to +0.70V) and so
extreme care was taken to prevent the overoxidation of the film. Potentials more anodic
than +0.70V lead to the destruction of the voltammetric behaviour (loss of electroactivity)
and the anion sorption changes significantly [125,126]. Below are the electrochemical
reactions involved in the generation of oxidised and reduced state of polyaniline
(Equation 2.6).
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state

emeraldine salt - polyaniline membrane
i

+2 e
+4H+

;

“2 e
second oxidation
f -4H+ state

N= 0
Fully oxidized form-pemigraniline

Eq. 2.6

Polyaniline CME’s can also be overoxidised like their polypyrrole counterparts however
all attention was focused on the overoxidation of polypyrrole.
Recently, it was reported that conductive polytyramine modified electrodes are
electrochemically functional electrodes [127]. Subsequently, polytyramine CME’s were
synthesised to be investigated in urinary lead determinations. The other objective of
electrogenerating porous polytyramine (PTy) thin films [127] onto conventional MTFE’s
was to physically stabilise the working electrode against agitation, in situ. The anodic
electrochemistry of tyramine (i.e. HO-C6H6-CH2-CH2-NH2) or p-(2-aminoethyl)-phenol
is complicated. Therefore, only a brief introduction is presented here; a more detailed
description can be found elsewhere [127].

The monomer tyramine (Ty) can be

polymerised by oxidation (anodically) both in aqueous solutions and in acetonitrile due to
the relative ease of electrons removal from the amino functional group [127]. In addition,
it was demonstrated [127] that properties of polytyramine films can be altered depending
on electrolysis conditions.
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2.1.2

Dispersed metal electrodes

The use of dispersed metal electrodes (DME’s) for the identification and determination of
trace concentrations of organic constituents in various matrices was investigated. In the
past, dispersed metal electrodes were developed by Nikelly and Cook (1957) [116],
Vydra (1976) [128] and Wang (1982) [129]. In addition, DME’s can be synthesised into
polymer dispersed mercury electrodes (PDME’s) or into CME’s [113]. Furthermore,
active research is being undertaken with PDME’s in the area of electrocatalysis
[113,114].

The selectivity of these polymeric electrodes can be modified by

incorporating different counter ions during the electropolymerisation process [115].

2.1.3

Characterisation of CME’s

Cyclic voltammetry (CV), is perhaps the most effective and versatile electroanalytical
technique available for the study of redox systems [43,45,47,54]. It enables the electrode
potential to be rapidly scanned in search of redox couples [47]. Once located, a couple
can then be characterised from peak potentials on the cyclic voltammogram and from
changes caused by variations of the scan rate. The resulting voltammogram is comparable
to a conventional spectrum in that it conveys information as a function of an energy scan.
Normally, cyclic voltammetry is the first experiment carried out in an electroanalytical
study [43]. In this section, a brief description of CV and its capabilities will be covered.
CV consists of sweeping the electrode potential, in an electrolyte, and measuring the
resulting current [43,47]. The potential of the working electrode is controlled versus a
reference electrode such as silver/silver chloride (Ag/AgCl). The controlling potential
which is applied across the working and the reference electrodes is considered as an
"excitation signal" [43]. The excitation signal for CV is a linear potential scan with a
triangular waveform as shown in Figure 2.1.
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Figure 2.1: Typical excitation signal for cyclic voltammetry a triangular potential
waveform with switching potentials at +0.80 and -0.20V (versus SCE).
This excitation signal in Figure 2.1 causes the potential initially to scan negatively from
+0.8 to -0.20V then positive scan back to the original potential. The scan rate (reflected
by the slope) is 50 mV/s [43]. A cyclic voltammogram is obtained by measuring the
current flowing between the working and counter electrode during the sweep. The
current can be considered as the "response signal to the potential excitation signal" [43].
The voltammogram is a display of current (vertical axis) versus potential (horizontal
axis). Because the potential varies linearly with time, the horizontal axis can also be used
as a time axis. A typical cyclic voltammogram is shown in Figure 2.2 for a Pt working
electrode in 0.1M NaNC>3 (acidified with H2SO4 to pH 2.5) detecting lOppm oxalic acid.
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Figure 2.2: Pt-wire electrode detecting 10 ppm oxalic acid (acidified with 0.1M H2SO4
to pH 2.5) in deoxygenated 0.1M NaNC>3 between the potential range of -1.2V and
+2 .0V with a scan rate of lOOmV/s.
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In Figure 2.2, an initial potential of 0.0V was applied to the Pt-wire electrode to prevent
any electrolysis of oxalic acid. The potential was then scanned anodically (towards the
positive potentials) as indicated by the arrow. When the potential is sufficiently positive
to oxidise oxalic acid to carbon dioxide and water, an anodic current is indicated due to
the electrode process. As the sweep advances towards the more positive potentials the
current starts to increase rapidly until the concentration of oxalic acid at the electrode
surface diminishes, causing the current to peak at approximately +1.0V. The current then
decays until the solution surrounding the electrode is depleted of oxalic acid. The scan is
then reversed at +2.0V. The electrode then becomes a sufficiently strong reductant to
reduce electrolyte species (nitrates and sulphates) since oxidation of oxalic acid is
electrochemically irreversible [105]. The cathodic current reduces the anions causing the
current to peak at +0.2V and at -0.6V. Finally, the current decays as the solution
surrounding the electrode is depleted of anions. The first cycle is completed when the
potential reaches 0.0V. In short, the large increase in anodic current near +2.0V and in
cathodic current near -1.2V is due to breakdown of solvent. The important parameters of
cyclic voltammetry are the magnitude of the both anodic (ipa) and cathodic peak currents
(ipc) and anodic (Epa) and cathodic peak potentials (Epc). These parameters are labeled in
Figure 2.2.
Another electrochem ical method used for the characterisation of CM E’s was
chronopotentiometry; where a current step is applied across an electrochemical cell in
unstirred solutions [115]. The potential response of the working electrode is measured as
a function of time. The shape of the potential-time response (E vs t) is determined by the
change in the ratio of concentration of oxidisable reactants to the concentration of reduced
product at the electrode surface during the electropolymerisation period and by the
electrochemical properties of anything deposited on the electrode. For a simple reaction,
as described in the Equation 2.7.

O + ne_

R
Eq. 2.7

A typical chronopotentiogram will look like a plot in Figure 2.3.

Figure 2.3: Schematic diagram of a chronopotentiogram for a reversible system.
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As the current is applied to the system there is an instantaneous increase in the potential
which indicates oxidation at the working electrode (Pt) substrate (i.e. where the monomer
starts to oxidise to form an insoluble polyanaline layer). Initial sharp decrease due to
charging of double layer where the capacitance potential levels off we are getting
polymerisation on polyaniline surface which is energetically more favourable. The rate is
fast and becomes diffusion controlled. The concentration of oxidisable species on the Pt
surface was then no longer sufficient to maintain the applied current and as a result the
electrode potential decreases. Subsequently, there is a slow decrease in potential. The
shape of the chronopotentiogram is determined by the Nemst equation 2.8 [130].

E = E(t/4) + (Rx/nF) ln [(x l/2 _ tl /2 ) /tl/2)]
Eq. 2.8
Where:
RT/nF

usual significance (universal gas molar constant)

R

= ideal gas constant (J/Kmol)

T

= absolute temperature (K)

n

= number of moles

F

= Faraday (C/mol)

t

= time (s)

X

= transition time (s)

E(T/4) = analogous to voltammetric E(i/2>; refer to reference [131].

In short, chronopotentiograms indicate the potential rate required to maintain the rate
(which is controlled by the current) and the process of electrochemical polymerisation.
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2 .2
2.2.1

EXPERIMENTA!,
Reagents and standard solutions

All reagents used were of analytical reagent grade purity. Doubly distilled water was
used throughout.

All laboratory glassware was soaked in 20% HNO3 (v/v) and

thoroughly rinsed with distilled water. Laboratory plastic containers were also soaked in
20% HNO3 for at least 24 hours before being utilised. Deoxygenation was carried out
using high purity nitrogen gas.
Chromosulphuric acid was used to clean platinum electrodes or to dissolve residual
polymer films (or any other hydrocarbon residue) which may have adhered to the
surface. Chromosulphuric acid was a mixture of potassium dichromate (90 g/L) and
concentrated sulphuric acid (600 mL/L). Another strong oxidising acid was used for the
same purpose. It was a mixture of chromic acid, CrC>3 (75 g/L) and concentrated
sulphuric acid (250 mL/L).
Aqua Regia (AR) was a mixed acid (1:3, HN0 3 :HC1) which was used for the purpose of
pickling off polymer films and surface greases from the platinum substrate. It was made
to complement both the chromosulphuric and chromic acid solutions.
A stock solution of lOOOppm Hg2+ was normally prepared from HgCl2 (BDH
Chemicals, General Purpose Reagent, 98%) and bulked up to the required volume with
0.1M NaCl or other electrolyte solutions.
All stock solutions were prepared with Analytical Grade (AG) chemicals and doubly
distilled water, and filtered through a 0.45|im filter.
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2.2.2

Preparation of buffer solutions

In this work, subsequent EC trace determinations were carried out in the same pH range
as freshly excreted normal human urine (pH range 4.8-6.8). Further, other pH values
will also be considered. Table 2.1 summarises all relevant buffer solutions which were
used for the characterisation of polymers.

Table 2.1
Preparation of buffers for pH control

Prideaux B uffer Solution [132]

mL of 0.1M NaH2 PC>4 solution

10.0

8.0

6.0

4.0

2.0

0.0

mL of 0.1M Na2 HPC>4 solution

0.0

2.0

4.0

6.0

8.0

10.0

PH

4.0

6.0

6.5

6.8

7.2

9.0

W alpole Acetate Buffer Solution [132]

mL of 0.2M Acetic acid

9.5

8.0

6.0

5.0

4.0

2.0

0.5

mL of 0.2M Sodium acetate

0.5

2.0

4.0

5.0

6.0

8.0

9.5

pH

3.42

4.05

4.45

4.63

4.80

5.23

5.56

M clllvain e B uffer Solution [132]

m L o f0 .2 M N a 2HPO4

0.40

2.18

7.10

8.28

9.35

10.72

11.60

16.47

mL of 0.2M Citric acid

19.60

17.82

12.90

11.72

10.65

9.28

8.40

3.53

2.2

2.6

4.0

4.2

4.6

5.2

5.6

7.0

pH
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2.2.3

Ins trument ati on

Potentials were measured against a Ag/AgCl (3M NaCl) double junction reference
electrode in aqueous solutions. Reference electrode Ag/Ag+ was used for work in non
aqueous solutions. Three platinum based auxiliary electrodes were used throughout this
experimental work:
•

Pt-wire

•

Pt-gauze, and the

•

Pt-plate counter electrode.

For polymer synthesis, the counter electrode normally used was the cylindrical platinum
gauze while the working electrodes were made from relatively inert materials such as Au,
Pt, GC, RVC, CF or Hg. Linear sweep voltammetry (LSV) and potentiodynamic
electropolymerisation techniques were carried out with instruments such as BAS, CV-27
or BAS, 100-A Electrochemical Analyzer. Electropolymerisation utilising a constant
current was carried out with a galvanostat built in the Science Faculty, Electronic
Workshop, University of Wollongong. Chronopotentiograms were obtained also with
the above galvanostat.

2 . 2. 3 . 1

Electrode preparation

A Pt-wire electrode was made by spot-welding a platinum wire to a clean (oxide free)
copper wire of approximately the same diameter. The next stage was to embed the spotwelded wire into pyrex glass with the Pt wire protruding 10mm. A routine pretreatment
procedure was carried out prior to any EC determination [133]. This pretreatment
procedure is described below:
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•

The Pt-wire electrode was soaked in concentrated chromosulphuric acid for a
minimum period of 30 minutes (or left soaking for longer periods, if need be).

•

Dipped (once) in concentrated nitric acid or aqua regia.

•

Washed and rinsed with doubly distilled water (At this stage the Pt-wire electrode
still contains oxides on its surface, i.e. Metal—Pt-O).

•

The Pt-wire electrode was then immersed in 0.1M NaNC>3 and treated with a
negative potential of -0.18V (vs Ag/AgCl) until the electrode current became
constant, which indicated that the electrode reaction ceased.

•

Finally, a positive potential of +0.07V was applied to the Pt-wire for a period of
approximately one minute. At this stage a clean Pt metal surface was produced, i.e.
Metal—Pt.

A glassy carbon (GC) electrode surface was prepared by polishing with a fine 0.05pm
alumina slurry on a moist buffering pad until a mirror like finish was obtained and placed
in an ultrasonic bath for a period of fifteen minutes in order to remove any residual
alumina particles which may have adhered onto the electrode surface. Finally, the GC
electrode was rinsed with doubly distilled water and wiped dry with a filter paper.
Carbon foil (CF) was obtained in sheet form (50cm x 25cm) and cut into desired shapes
and sizes. For our work, several CF strips were cut (6mm x 50mm), cleaned with
99.7% ethanol and rinsed with distilled water.
Initially, the gold-foil was cut according to desired electrode dimensions. This was
followed by degreasing (skin oils) with 99.7% ethanol and rinsing with distilled water.
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RVC working electrodes were constructed by the “punching out” method, i.e. by
embedding a standard laboratory cork borer into a layer of supplied RVC material, and
then by reclaiming the central portion of the cork borer, a cylindrical object was
produced. The next step was to encase the “punched out” RVC cartridges with “heat
shrink” plastic in order to protect it against external abrasion or chipping while in use.
Prior to use, all RVC cartridges were chemically pretreated in order to eliminate any
possible residual metallic contamination which may have existed within its matrix [113].
This was carried out in four stages:
(i)

Initially, all RVC cartridges were totally ‘wetted’ by flushing them with either
acetone, methanol or ethanol, followed by rinsing with doubly distilled water.

(ii)

The next stage was to boil them in dilute 4.0M nitric acid (256mL/L) for a period
of up to thirty minutes.

(iii)

All RVC cartridges were thoroughly rinsed out with copious amounts of doubly
distilled water before being used. They were temporarily stored in doubly
distilled water.

(iv)

Finally, prior to any electrochemical work, all RVC cartridges were subjected to a
constant stripping potential of +0.8V for a period of five minutes in 0.1M
NaNC>3. An eluent flow rate of 2.0mL per minute was employed throughout the
procedure.

Freshly prepared and filtered (0.45 |im Millipore filter) 100 ppm mercury solution was
made (including

1%

HNO3) for the purpose of electroplating mercury onto electrode

substrates. Solution filtering was carried out to ensure a complete removal of suspended
solids from the matrix which are a source of interferents.
Mercury electroplating onto pretreated electrode substrates was carried out either
potentiodynamically (sweeping the potential between -0.8 V and 0.0V) or by the constant
potential (at -0.8V) method.
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2 .3

RESULTS AND DISCUSSION

This chapter is concerned with the electrosynthesis and characterisation of the polymers
to be used in subsequent chapters.

2.3.1

Electrosynthesis of polypyrroles

The synthesis of the polypyrroles shown in Table 2.2 was considered. Table 2.2 shows
the combination of components in each CME design while Table 2.3 shows experimental
parameters used for the EC synthesis process.

Table 2.2
Combination of components for the
electrosynthesis of polypyrroles

S u b strate

M onom er

S u p p ortin g
E le c tr o ly te

CM E
C o m p o sitio n

Post Treatm ent

Pt, Au-foil, GC,
CF and RVC

0.1M pyrrole

0.1M NaCl

PP(C1)

PP(Cl)-ox *

As above

0.1M pyrrole

0.1M KC1

PP(C1)

PP(Cl)-ox *

As above

0.1M pyrrole

0.1M N aN 03

PP(N03)

P P ( N 0 3) - o x *

As above

0.1M pyrrole

0.1M (COOH)2

PP(C20 4)

None

As above

0.1M pyrrole

0.1M (COONa)2

PP(C20 4)

None

As above

0.1M pyrrole

0.1M (COOK)2

PP(C20 4)

None

* Oxidised polymers

In the case of polypyrrole optimal coatings have been obtained using constant current
methods [119]. Consequently the conditions shown in Table 2.3 were employed.
Qualitatively, the coatings obtained appeared good in terms of even coating, adherence,
and mechanical stability.
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Note (1) A typical example for the estimation of polypyrrole thickness can be seen in
Appendix II.

Table 2.3

Synthesis of polypyrrole coatings using a
constant current method

G a lv a n o sta tic
C o n d itio n s

C o m m en ts

P o ly m e r
T h ick n ess (1)

Pt/PP(C20 4)

+0.5 mA/cm2

good coating

~0.25|xm

Pt/PP(C20 4)

+0.5 mA/cm2

good coating

~0.50fim

Pt/PP(C20 4)

+0.5 mA/cm2

good coating

~0.75|im

Pt/PP(Cl)

+0.5 mA/cm2

good coating

~0.25|im

Pt/PP(Cl)

+0.5 mA/cm2

good coating

~0.50|im

Pt/PP(Cl)

+0.5 mA/cm2

good coating

~0.75|im

Pt/PP(N03)

+0.5 mA/cm2

good coating

~0.25pm

Pt/PP(N03)

+0.5 mA/cm2

good coating

~0.50pm

Pt/PP(N 03)

+0.5 mA/cm2

good coating

~0.75fim

E lectro d e

The chronopotentiometric data was recorded and the polymer thickness was estimated
mathematically using various EC parameters [ 134].

Furthermore, typical result obtained

during electropolymerisation using a Pt-wire electrode is shown in Figure 2.4.
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Figure 2.4: Chronopotendogram of the oxidation of 0.1M pyrrole in 0.1M oxalic acid
with a current density of +0.1mA/cm2.
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With most polypyrroles, the electropolymerisation process occurred and peaked within a
period between 1-10 seconds, then subsequently the electrode potential dropped slightly
and remained steady for the remainder of the electrolysis time. The potential stability
indicates that a polymer with adequate conductivity is produced. Figure 2.4 shows such
an example while the CV after growth can be seen in Figure 2.5.

2.3.2

Oxidised polypyrrole CME’s

Cyclic voltam m etry was used to demonstrate the transformation of a conventional
polypyrrole electrode (synthesised on Au-foil substrate) to the final overoxidised
polypyrrole form. The oxidation of polypyrrole CM E’s was carried out in two steps.
The initial part was the synthesis of conventional CM E’s followed by subsequent
oxidation in 0 .0 1M H2SO4 using potential sweeps between the potentials of -0.4V and
+1.55V, with a scan rate of 100 mV/s for a period of 30 minutes. The process can be
followed using cyclic voltammetry (Figure 2.5).
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8 JUA

3

Figure 2.5: Overoxidation of Au/PP(N0 3) electrode in 0.01M H2SO4 carried out for 30
minutes with continual cycling between the potentials of -0.4V and + 1.5V with a scan
rate of 100 mV/s.
Where:
Peak 1 = A u3+ oxidation state (Refer to equation 2.9)
Peak 2 = Au° reduced state
Peak 3 = polymer oxidation
Peak 4 = polymer reduction
Initial Potential = 0.0V, then positive scan
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Gold can exist in two oxidation states, 1+ and 3+. According to Peak 1 in Figure 2.5,
Au3+ ions exist in aqueous solutions at anodic potentials of approximately +1.5V (vs
Ag/AgCl) due to oxidation of Au substrate. Gold oxidation occurred in conjunction with
polypyrrole. On the reverse scan, overoxidised polypyrrole is irreversible while Au+ and
Au^+ are readily reduced to metal as indicated by Peak 2 in Figure 2.5. This reaction is
illustrated in Equation 2.9.
3Au+(aq) -» Au3+(aq) + 2A u(s)
Eq. 2.9

Initial potential sweeps indicate that the polymer electroactivity is relatively high (along
with the background charging current) and that with subsequent scanning a gradual loss
of electroactivity results [120]. In addition, the oxidation is irreversible. It has been
reported that the loss of polymer electrical conductivity is due to loss of counterions (i.e.
anions) and subsequently polymer conjugation [120,121].

Simultaneously as the

polymer gradually oxidises, the redox reactions from the underlying electrode substrate
(Au) become obvious. This phenomenon indicates that the polymer film becomes porous
enough to allow diffusion of analyte and electrolyte to the underlying gold substrate.
After approximately 20 minutes of continual scanning the current levelled off and became
virtually constant. This indicates complete overoxidation of the film. The CV’s show
that gold is oxidised and diffuses through the oxidised porous polymer layer at the high
anodic potential of + 1.20V while gold reduction occurs at +0.75V.

2.3.3

Cyclic voltammetry of polypyrrole CME’s, post synthesis

Cyclic voltammetry was used to characterise polypyrrole after synthesis. With this
method a ramp is applied over the voltage scan range and then reversed. Generally,
cyclic voltammetry is a technique in which the current of the cell system is measured as a
function of applied potential. Cyclic voltammetry is a useful diagnostic tool in the area of

conducting polymer technology. For example, it indicates polymer reversibility or
irreversibility, stability, redox peaks, polymer electroactive regions and polymer
behaviour in various electrolytes. A cyclic voltammogram of a typical polypyrrole CME
is illustrated in Figure 2.6 while previous Figure 2.5 shows a typical CV of an oxidised
CME.

T

15 W

_1-0

O 'Q

+ 0 '6

E(V]

Figure 2.6: Cyclic voltammogram of Pt/PP(C204) in 0.1 M NaNC>3 between the potential
range of -1.0V and +0.6V with a scan rate of lOOmV/s.
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Figure 2.4 is a typical chronopotentiogram of a polypyrrole oxalate at a sweep rate of
lOOmV/s in a standard solution of 0.1M NaNC>3. The CV’s reflect purely the redox
behaviour of the polymer backbone with respect to the incorporated anion. Polypyrrole
CME’s show various Ep/2 and peak separation values (AE) depending on the anion (A-)
incorporated (Table 2.4). The measurement of the magnitude of both anodic and cathodic
current peaks was carried out by the extrapolation of a baseline current as shown in
Figure 2.2.

Table 2.4
A summary of cyclic voltammogram data obtained with various CME’s

E lectrode

E le c tr o ly te

Epa

E pc

AEp

0Pa,>Pc)

iPa/*Pc

Pt/PP(Cl)

0 . 1M NaNO 3

(+0.75V)

(+0.75V)

(0.00V)

(300pA, 300pA)

1.00

Pt/PP(Cl)

0.1M NaCl

(+0.25V)

(+0.25 V)

(0.00V)

(50pA, 50pA)

1.00

Pt/PP(Cl)

0.1M KC1

(+0.25V)

(+0.25 V)

(0.00V)

(120pA,110pA)

1.09

Pt/PP(Cl)

0.1M (C2 O4 )

(+0.20V)

(+0.10V)

(0.1V)

(125pA, 125pA)

1.00

Pt/PP(N03)

0 . 1MNaNC >3

(+1.50 V)

(+0.55V)

(0.93)

(lOOpA, 50pA)

2.00

Pt/PP(N03)

0.1M NaCl

(+0.70V)

(+0.75V)

(0.05)

(25pA 20pA)

1.25

Pt/PP(C204)

0 . 1M NaNO 3

(0.15V)

(-0.20V)

(0.05V)

(80pA, 160pA)

0.50

Pt/PP(C204)

0.1M NaCl

(+0.05V)

(+0.20V)

(0.19V)

(3pA, 3pA)

1.00

Pt/PP(C204)

0.1M KC1

(0.20V)

(0.65V)

(0.42V)

(20pA, 26pA)

0.77

A u/ P P ( N 0 3 ) - o x

0.1M NaNC>3

(+1.25 V)

(+0.70V

(0.55V)

(38pA, 32pA)

1.19

A u /P P (N C > 3 )- o x

0.1M NaCl

(+0.65V)

(+0.75V)

(0.10V)

(25pA, 22pA)

1.11

0.01M H2 SO4

(+1.35 V)

(+0.75V)

(0.60V)

(56pA, 68 pA)

1.00

A u/ P P ( N 0 3 ) - o x

(+1.20V)

(+0.55V)

(0.63V)

(102pA, 3 2p A )

3.17

(+1.25V)

(+0.75V)

(0.48V)

(20pA, 20pA)

1.00

Au/PP(C2 0 4 )-ox 0.1M NaCl
Au/PP(C2 0 4 )-ox 0.1M H2 SO 4
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As a result of this work, cyclic voltammograms show that all CME’s display reversible or
quasi-reversible electrochemical behaviour.

2.3.4

Preparation of polypyrrole based MTFE’s

Polypyrrole based mercury thin film electrodes (PBMTFE’s) were made in two stages.
The first stage involved deposition of a conventional MTFE on a GC substrate while the
second stage was the encapsulation of the MTFE with a thin film of polypyrrole.
Normally, the MTFE was constructed according to standard procedures (Section 2.2.3.6)
while the subsequent electrochemical polymerisation (ECP) was carried out in an aqueous
solution containing 0.1M pyrrole with appropriate concentrations of counterions such as
0.1M NaNC>3. Electrochemical polymerisation was performed galvanostatically. The
estimated polymer thickness of synthesised CME’s varied between 0.25fim and 0.75pm.
After synthesis, the MTFE’s were immediately rinsed with doubly distilled water and
quickly transferred into another awaiting electrolyte for further processing. This mode of
action prevented electrode deterioration.
Carbon-foil-mercury-polypyrrole CME’s were synthesised as described in (section
2.2.3.6), except in this particular case, the substrate material was carbon-foil (CF). A
major disadvantage is associated with this substrate material. Experimentally, it has been
shown that it produces relatively high background currents whenever a thin mercury film
was electroplated onto its surface.
voltammogram is shown in Figure 2.7.

A typical example of a differential pulse
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S u fi

1

E(VOLTI

Key:
Differential Pulse stripping voltammetry
Exp. Conditions:
Init E (mV) = -1000
Final E(mV) = -300
V (mV/Sec) = 4
Pulse Amplitude(mV) = 50
Pulse Width (mSec) = 50
Pulse Period (mSec) = 1000
Deposit Time (Sec) = 120

Figure 2.7: A typical CF/Hg electrode used in trace electroanalysis. The peak potential
of Pb (10 ppb) is recorded at -0.488 mV.
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2 .3 .5

E lectrochem ical synthesis of polyaniline

Polyaniline CM E’s were electrochemically synthesised from aniline using the same
experim ental param eters as their polypyrrole counterparts.

Electrochem ical

polymerisation (ECP) of aniline was normally performed potentiostatically because the
resultant polymeric films were of similar quality to those carried out by continuous
cycling [72].

Finally, polymer thicknesses were estimated (using microscopic

techniques) to range between 0.25fim to 1.60|im [134].

A typical polyaniline

chronopotentiogram obtained during synthesis by constant potential is represented in
Figure 2.8, while other relevant polyaniline chronopotentiometric data is compiled in
Table 2.5.

Figure 2.8: A typical chronopotentiogram of Pt/PA(C1), synthesised from 1M Aniline in
2M

HC1 at a current density of +0.5mA/cm2.
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Table 2.5
Chronopotentiometric data obtained with
Pt/PA(C1) electrodes (*)
E lectrode

Pt/PA(C1)
Pt/PA(C1)
Pt/PA(C1)
Pt/PA(C1)
Pt/PA(C1)
Pt/PA(C1)
Pt/PA(C1)
Pt/PA(N03)

S y n th e s is

i (mA)

E (mV)

SA (m m 2)

Galvanostatic
Galvanostatic
Galvanostatic
Galvanostatic
Galvanostatic
Galvanostatic
Galvanostatic
Galvanostatic

0.08
0.20
0.30
0.30
0.40
0.50
0.60
0.60

471
522
570
580
594
616
610
607

19.14
19.14
19.14
19.14
19.14
19.14
19.14
19.14

Note: (1) Electrochemical polymerisation of aniline was carried out on a Pt-wire electrode
having a surface area (SA) of 19.14 mm2.
The ECP was generally carried out within a period of 10 seconds and continued to grow
steadily in conjunction with an increasing potential. This phenomenon indicates that the
polymer conductivity was steadily declining. Overall, all polyaniline polymers were of
excellent physical quality. In general, polyaniline CM E’s were relatively easy to
synthesise electrochemically. Polymers displayed excellent thin Elms when inspected
visibly and under the microscope [134], displayed good chemical stability in various
matrices provided the pH was < 7.0 and the potential was maintained between -1.00V to
+0.70V.

2.3.6

Cyclic voltammetry of polyaniline CME’s after growth

It has been indicated by CV that the electroactivity of polyaniline polymers are pH
dependent in aqueous media [115]. For example, the acidification of the electrolyte
(protonation with mineral acids) had a dramatic effect on the electroactivity of polyaniline.
As a result, polyaniline polymers produced two and three Redox systems (see Table 2.6).
This phenomenon is due to different polyaniline oxidation states, i.e. fully reduced or
neutral states (NH) and the protonated species such as NH2+, NH+ and N+ [78,115].
All other relevant CV data on polyaniline CME’s are summarised in Table 2.6.

Table 2.6
Polyaniline CME’s data obtained using cyclic voltammetry after synthesis
Eox

S u b str a te

M on om er

PH

CME

Au

0 .1 M a n ilin e

7 .0

PA (C 1)

O .IM N a N 0 3

( + 0 .4 0 V )

( + 0 .3 0 V )

( 0 .1 )

(60|J,A /60p.A )

( 1 .0 0 )

Au

0 .1 M a n ilin e

3 .0

PA (C 1)

O .IM N a N 0 3

( -0 .2 6 V , + 0 .2 3 V , + 0 .6 3 V )

( -0 .6 3 V , -0 .1 V , + 0 .3 0 V )

( 0 .3 7 , 0 .1 3 , 0 .3 3 )

(2 0 n A /6 0 * iA , 1 0 0 (i,A /1 0 0 (iA ,
140ji-A /120|i-A )

( 0 .3 3 , 1 .0 , 1 .1 7 )

Au

0 .1 M a n ilin e

2 .0

PA (C 1)

O .IM N a N 0 3

( -0 .2 0 V , + 0 .2 3 V , + 0 .6 5 V )

( -0 .6 3 V , 0 .1 V , + 0 .3 5 V )

(0 .4 3 , 0 .1 3 , 0 .3 0 )

(9Op.A/14O|0,A, 130|xA /110)J,A ,
1 6 0 |x A /1 6 0 fx A )

(0 .6 4 , 1 .1 8 , 1 .0 0 )

Au

0 .1 M a n ilin e

1.0

PA (C 1)

O .IM N a N 0 3

(-0 .1 7 V , + 0 .2 3 V , + 0 .6 8 V )

( -0 .6 3 V , 0 .1 V , + 0 .4 0 V )

( 0 .4 6 , 0 .1 3 , 0 .2 8 )

(1 8 0 |j.A /2 8 0 |i.A ,
1 6 0 |i.A /1 1 0 (iA , 1 7 5|xA /180)xA )

(0 .6 4 , 1 .4 5 , 0 .9 7 )

Au

0 .1 M a n ilin e

7 .0

P A (C 20 4)

O .IM N a N 0 3

(+ 1 .0 V , 0 .0 )

(+ 0 .2 V , -0 .4 V )

(0 .8 , 0 .4 )

(2 ^ iA /1 2 |iA , 14(iA /8jxA )

( 0 .1 7 , 1 .7 5 )

Au

O .IM a n ilin e

3 .0

p a (c

2o 4)

O .IM N a N 0 3

(-0 .3 V , + 0 .7 V )

(-0 .5 V , + 0 .3 V )

(0 .2 , 0 .5 )

(36|xA /39^tA , 1 5 |x A /9 |iA )

( 0 .9 2 , 1 .6 7 )

Au

0 .1 M a n ilin e

1.0

p a (c

2o 4)

O .IM N a N 0 3

(-0 .3 V , + 0 .7 V )

(-0 .5 V , + 0 .3 V )

(0 .2 , 0 .5 )

(36|j,A /39p .A , 15|iA/9(J,A )

( 0 .9 2 , 1 .6 7 )

Au

O .IM a n ilin e

7 .0

p a (c

2o 4)

O .IM N a C l

(-0 .1 V , + 0 .9 V )

( -0 .5 V , + 0 .3 0 V )

(0 .5 , 0 .6 )

(6 |iA /8 |iA , 1 5 |x A /8 |iA )

( 0 .1 7 , 1 .7 5 )

Au

O .IM a n ilin e

3 .0

p a (c

2o 4)

O .IM N a C l

( -0 .2 0 V , + 0 .7 0 V )

( -0 .5 5 V , + 0 .3 0 V )

( 0 .3 5 , 0 .4 V )

(9|xA /18|i.A , 1 7 ^ A /ll^ iA )

(0 .5 , 1 5 5 )

Au

O .IM a n ilin e

2 .0

P A (C 20 4)

O .IM N a C l

( -0 .2 0 V , + 0 .6 5 V )

( + 0 .3 0 V , -0 .4 0 V )

( 0 .1 0 , 0 .2 5 )

(5 4 |iA /7 2 |J .A , 1 8 |iA /1 0 (iA )

(0 .7 5 , 1 .5 0 )

Au

O .IM a n ilin e

1.0

P A (C 20 4)

O .IM N a C l

(-0 .2 5 V , + 0 .6 5 V )

( -0 .5 V , + 0 .4 0 V )

( 0 .2 5 , 0 .2 5 )

(7 2 ^ A /9 0 |iA , 18(i.A /12p,A )

(0 .8 0 , 1 .5 0 )

E le c tr o ly te

Ered

A E (V )

(^ox» ^red)

ÎP o x ^ P r e d
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In Table 2.6, cyclic voltammetry indicates that if the anodic potential exceeds a certain
limit (i.e. > +0.70V), oxidative degradation (loss of electroactivity) results [115]. This
behaviour has been observed many times. In most cases, oxidative degradation is
identified by the gradual loss of redox peaks and also by the broadening of the peaks. In
addition, the electroactivity of polyaniline polymers ceases in aqueous media of pH >7.0
[115]. A typical polyaniline cyclic voltammogram (pH 7.0) is shown in Figure 2.9 while
that of a typical protonated system (pH 2.0) is shown in Figure 2.10.

-08

>12
m

Figure 2.9: A typical cyclic voltammogram of PA(C1) in 0.1 M NaNC>3 (pH 7.0) scanned
between the potentials of -0.8V and +1.2V with a sweep rate of 50mV/s.
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Figure 2.10: Typical CV’s of PA(C1) scanned in acidified 0.1M NaNC>3 (with 1:1
HNO3) between the potentials of -0.8V and +1.2V with a sweep rate of 50mV/s. Peaks
1 , 2 & 3 correspond to poly (aniline) oxidation while Peaks 4, 5 & 6 correspond to
poly(aniline) reduction between its three conducting forms.
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2.3.7

Electrosynthesis of poly (3-methyl thiophene) CME’s

ECP of the monomer 3-methylthiophene by anodic oxidation, gives rise to an insoluble
polymer film with incorporated anions.

Subsequently, the polymer film (in situ)

becomes a semiconductor. ECP of monomer 3-methylthiophene was carried out
voltammetrically at lower temperatures of about 5°C because it was reported that the
synthesis is temperature dependent [122,123,135]. The procedure was carried out
between the anodic potentials of + 1.20V and + 1.70V (vs Ag/Ag+). A sweep rate of
lOOmV/s was used in conjunction with 6 scans. The resultant poly(3-MeT) polymer was
dark purple in colour.

In general, the polymer was very difficult to synthesise

reproducibly by voltammetric means which subsequently resulted in a morphologically
uneven CME. For example, during the ECP process the polymer film did not appear to
adhere well to the platinum substrate because much of the polymer diffused back into the
solution i.e. the polymer was being produced but inefficiently.
ECP of 3-methylthiophene was not synthesised by galvanostatic means due to problems,
such as electrolyte ionisation at anodic potentials which formed gases and consequently
displaced the polymer film from the underlying electrode surface.

In short, in

comparison to other conducting CME’s, poly (3-methylthiophene) synthesis was by far
the most problematic as far as polymer reproducibility is concerned. Experimental
parameters used for the ECP of poly(3-MeT) are compiled in Table 2.7.

Table 2.7
Optimal experimental parameters used in the synthesis of
poly(3-methylthiophene) CME

Sub strate

M onom er

E le c tr o ly te

Pt

0.5M 3-MeT

0.15M
TBATFB

2.3.8

E r(V)

+1.2

->

N° of
S can s

+1.7

6

CM E

P3MeT(TBATFB)
(in Acetonitrile)

Chronopotentiometry using poly(3-methylthiophene) CME’s

Chronopotentiometric study using poly(3-methylthiophene) polymers was also carried
out.

However, ECP difficulties arose during the voltammetric procedure which

subsequently resulted in unreliable chronopotentiometric data.

2.3.9

Cyclic voltammetry using poIy(3-methyIthiophene)

Cyclic voltammetry indicated a reduction in polymer activity with each subsequent scan in
standard salt solutions which was due to the loss of the counterions from the polymer
[76].

Furthermore, it was assumed that counterions were lost rapidly and that

replacement was difficult, time consuming and incomplete [76]. Polymer restoration was
carried out using the ion-exchange method to determine whether the original CV could be
obtained. A typical CV of this particular occurrence can be seen in Figure 2.11.
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E(V)

Figure 2.11: Pt/P(3-MeT) electrode scanned in 0.1M NaN03 between the potentials of
-0.8V and +1.2V with a scan rate of 50 mV/S. The large redox couples correspond to
oxidation and reduction of poly(3-methylthiophene).
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The characterisation of poly(3-MeT) polymer using cyclic voltammetry was performed in
various electrolytes. The data obtained are compiled in Table 2.8.

Table 2.8
A summary of cyclic voltammogram data obtained with
various poly(3-methylthiophene) electrodes

CM E

pH

E le c tr o ly te

Epa

EpC

AE

*pa

ip c

ipa/*pc

P3MeT(TB ATFB)

7.0

0.1M NaCl

none

none

0.0

0.0

0.0

0.0

P3MeT(TBATFB)

2.0

0.1M NaCl

-2.25V

-0.20V

0.03

2pA

2|iA

1.00

P3MeT(TBATFB)

7.0

0.1MNa(NO3)

+0.70V

+0.30V

0.57

140fiA

60pA

2.33

P3MeT(TBATFB)

2.0

0.1M Na(N03)

+0.85V

+0.30V

0.50

440pA

220fiA

2.00

As explained in section 2.3.3 the measurement of ipa and ipc values were compiled with
the extrapolation of a baseline current. In general, poly(3-MeT) polymers have a good
working potential range (-0.50V to +1.60V), however, they still have several
disadvantages relative to polypyrrole polymers. For example, in Figure 2.11 the
polymer electroactivity decreased very rapidly with consecutive scanning indicating
instability. Overall, due to the continual decline in polymer electroactivity it was
extremely difficult to work with. An attempt was made to cycle the CME to a steady state
for a period of 30 minutes in all matrices mentioned in Table 2.8, however, this was not
possible.
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2 .3 .1 0

E lectrosynthesis o f poly ty ram in e

The nature of the morphology of polytyramine films makes it possible to encapsulate
numerous tiny prills of mercury, within its network [127]. That was the purpose of
synthesis or to stabilise the MTFE with the polymer network. The monomer tyramine
was electropolymerised voltammetrically onto a conventional MTFE from an electrolyte
solution comprising of 0.1M tyramine in 0.3M NaOH/MeOH. Normally six sweeps
were applied between the potentials of -0.50V and + 1.70V with a relative fast scan rate of
1.50V/s. A typical cyclic voltammogram can be seen in Figure 2.12.

Figure 2.12: Voltammetric electropolymerisation of tyramine onto a GC/Hg electrode
with a relatively fast scan rate of 1.5V/s. Six sweep rates were applied between the
potentials of -0.5V and +1.7V in 0.3M NaOH/MeOH.

In Figure 2.12, Peak 1 represents mercury oxidation while Peak 3 represents mercury
reduction. Peak 2 response is due to polytyramine oxidation. The synthesised polymer
was colourless or transparent.

Therefore, visible inspection was not possible.

Nevertheless, polytyramine CM E’s can be synthesised within minutes. Table 2.9
summarises experimental parameters used for the ECP of polytyramine CME’s.

Table 2.9
Components used in the synthesis of
polytryamine CME’s

E lectrode

M onom er

M atrix

CM E Design

MTFE

0.1M tyramine

0.3M NaOH/MeOH

MTFE/(PTy)

Cyclic voltammetric characterisation was carried out with PTy electrodes. Figure 2.13
shows a typical CV when a GC/Hg/PTy electrode was used in standard 0.1M NaCl
solution. Figure 2.13 also shows that the MTFE is degraded to a degree whenever the
potential exceeds 0.0 volts i.e. mercury is stripped off the working electrode. Therefore,
the electrode is generally limited to cathodic applications. Overall, the electrode displayed
similar electrochemical characteristics as a conventional MTFE.
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Figure 2.13:

GC/Hg/PTy electrode in 0.1M NaCl (pH 7.0) scanned between the

potentials of -1.0V and +0.7V with a sweep rate of 1.5V/s. Peaks 1 and 4 correspond to
mercury oxidation and reduction. Peaks 2 and 3 are due to overoxidation of PTy film.

CHAPTER 3:
DETERMINATION OF LEAD USING
POLYMER BASED MERCURY ELECTRODES
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3.1

INTRODUCTION

The toxic nature of lead has been known for some time [136-140]. High levels of lead in
the body produce toxic effects. The chief sources of lead poisoning were from lead based
paints, contaminated water sources, petrol engine exhaust fumes and lead related
industries [136-138]. Presently, lead is mostly accumulated into the body system via
drinking water and by the inhalation of lead containing fumes [139]. For example, lead
can enter the aquatic system through fallout and surface run-off, from natural sources, or
from lead lined tanks, lead pipes, and lead solder joints [138]. The extent to which lead
dissolves in water depends on its pH and hardness; several ppm can be found in water
that is considered soft and slightly acidic [140]. Dilution does not eliminate the problem,
lead stays in the ecosystem for a long time because it is not biodegradable [140]. Natural
waters seldom contain more than 20 ppb of lead but sometimes higher concentrations are
found mostly due to the contamination from man made sources [138-140].
Worldwide lead emission to the atmosphere from natural sources have been estimated to
be 24 x 103 t/a, compared to (350-450) xlO3 t/a from anthropogenic sources [141]. By
far the greatest contribution comes from automotive lead emissions [137,138]. Lead
contamination from petrol engines started about the year 1910. Today, the problem is still
with us and needs to be constantly monitored. Prior to strict environmental control on
lead emission, up to two grams of lead were used per liter of petrol as an “anti-knocking”
agent. At present 0.50g of lead per liter is employed [141]. Furthermore, the inorganic
lead in combustible products gives cause for concern. Very fine particles of lead metal (or
lead halide) are emitted and taken up into the lungs. Lead absorbed via the lungs is far
more dangerous than absorbed via the intestines [141,142]. As a result, populations
living close to industrial sites and motorways are much more likely to be affected in
comparison to people living in rural areas [138,142].
When lead is present in the body as Pb2+ many enzymes, especially those connected with
the synthesis of haem, are inhibited [138,142]. Presently, acceptable levels of lead in
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humans are less than 50 ppb [138,139,142]. Although lead is poorly absorbed from the
stomach and the intestines, it is a cumulative poison and can accumulate in bone, hair,
teeth, fingernails and blood [139,140,142]. In adults about 90% of the ingested lead
passes direcdy through the gastrointestinal tract unabsorbed and the remainder is excreted
via urine with residual amounts remaining in sweat, brain, bones, kidneys, liver, hair,
and nails [142]. Absorption of lead from gastrointestinal tract by young children is
relatively higher (i.e. 25-55%) [141,142]. It has been proven by recent studies that
children living around soft water areas are more likely to suffer from mental retardation
relative to children who are not [139,142]. The disease is directly related to the amount
of lead uptake [139,142].
The variability of lead concentration in the urine is greater than in blood [139]. Lead in
urine undergoes a relatively sudden change rather than a gradual change as in blood lead
concentration [139,142]. Consequently, correlation between blood and urinary lead levels
is often poor [137,142,143]. For example, under stable conditions a urinary lead value of
150 ppm corresponds to a blood lead of 60 ppm [139,143]. In addition, to this sudden
change, there are other factors that influence the rate of urinary lead excretion, such as the
amount of water available for excretion. In short, lead absorption is very slow but
excretion is even slower, so it accumulates.
Monitoring of lead exposure can be carried out by many chemical methods. Colorimetric
Spectrophotometry (CS), Atomic Absorption Spectroscopy (AAS), Inductively Coupled
Plasma (ICP) Spectrometry, Total-Reflection X-ray Fluorescence (TXRF) Spectroscopy,
High Performance Liquid Chromatography (HPLC) and Electrochemical (EC) techniques
have all been used for lead determinations in aqueous solutions. All these named
techniques can be used to determine lead at low ppm levels however they suffer from
certain disadvantages. Either, too much sample pretreatment is required, too many
interferences occur, poor detection limits or relatively high instrumental costs are
encountered.

61

For low lead concentrations, the AAS method is prone to interference in the flame mode
and requires an extraction procedure [144]. This is a time consuming step and is subject
to errors [143]. With optimum instrumental conditions, i.e. with a ‘multislot’ burner and
air-hydrogen flame, the limit of detection is 1-2 ppm [144]. On the other hand, graphite
furnace AAS (GFAAS) can determine lead concentrations in the low ppb levels quite
satisfactorily, providing the sample matrix is relatively free of interferences [144].
Furthermore, the total analysis is time consuming as a result of rigid sample pretreatment.
The use of ICP for the determination of lead can be carried out in the low ppb levels and
higher, however, its sensitivity is poor because the signal to noise ratio is relatively low
[145]. With ICP analysis sample pretreatment is not necessary providing the ions in
question can be aspirated into the plasm a (800-3,000°C) [145]. At these high
temperatures, both organic and inorganic particulates within the matrix are decomposed
and consequently do not interfere with the analysis [145]. Therefore, ICP analysis is a
relatively fast technique but suffers from poor sensitivity [145]. The minimum limits of
lead detection is 20 (ig/L [145].
Total Reflection X-ray Fluorescence (TXRF) Spectroscopy was initially reported by
Yoneda and Horiuchi [146] and further developed by Aigigner and Wobrauschek [147].
The technique is a relatively new analytical method for the determination of trace metals in
liquid samples. In general, this technique is excellent because it offers low limits of
detection (in nanogram or sub ppb levels) and it does not require extensive sample
digestion procedures [148]. The TXRF instrument is currently an ideal analytical tool for
multi elemental determinations (for elements with atomic numbers > 1 1 ) in aqueous
solutions but the instrument is far too expensive [146-148].
Lead analysis can be performed by a photometric technique such as with the “Dithiozone
Method” [149,150], it is sensitive in the low concentrations but it uses an extraction step.
For example, the lead ions in the sample matrix are added to ammonical citrate-cyanide
(reducing solution) and extracted with dithiozone in chloroform to form a red lead
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dithiozonate. Finally, the red colour is measured photometrically.

Disadvantages

associated with this method are:
•

sample pretreatment requires precise preparation, i.e. digestion with nitric-sulphuric
acid or nitric-perchloric acid which is a time consuming procedure and prone to
errors; and

•

metal interferences must be eliminated from the matrix, such as Sn, Bi and Th
[149].

The HPLC technique can be used for the separation of lead cations providing metal
complexing ligands are used in the eluent [150-153]. Separation is possible because of
differing affinities of the various cations for the cation-exchange resin but the number of
metal cations that can be separated is limited [154]. Overall, this method is relatively fast
but it too has certain limitations as follows:
•

complexing ligands are required in the eluent [153,155], e.g. ethylenediammonium
or tartrate

•

ligands must be selective [156]

•

concentration of the complexing ligands must be optimised [152,156]

•

pH of the eluent must be optimised [152,156], and

•

limits of detection are restricted to low ppm levels.

Differential Pulse Anodic Stripping Voltammetry (DPASV) is a very good method for the
determination of very low levels of lead in various matrices [157,158]. For example, it
can be used to determine lead content in paints, water, blood and food [141,157].
However, a disadvantage associated with DPASV is the extensive sample pretreatment
which is required (sample digestion at 130-140°C for 3-4 hours), followed by pH
adjustment, filtration, buffering and analysis.

Overall, the technique is too time

consuming. Despite this, the technique has been popular over recent years, and has been
reviewed by Vydra [128], Wang [129], Porter, Ryan and Ewing [158].
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Analysis of low levels of lead concentrations can be successfully carried out with
differential pulse polarographic (DPP) technique but the method is not as sensitive as
DPASV [159]. Limit of detection using the DPP method is in the range of 50 ppb while
with DPASV it is as low as lppb [159]. As an electroanalytical tool, polarography offers
a significant advantage over voltammetry at solid electrodes since it is far easier to
reproduce the electrode surface with the DME than with a solid electrode, including
mercury coated solid electrodes [159]. Overall, DPASV is a reliable method for the
determination of trace lead analysis.
New electrochemical methods can be developed in order to complement the above
techniques. Modem electrochemical instrumentation is relatively inexpensive, lightweight
and can detect signals from analysis of lead samples of concentrations down to low ppb
or ppt levels.

In addition, operating costs are relatively low for nearly the same

sensitivity as their expensive counterparts.
The initial electroanalytical technique investigated was in the area of electrochemical
preconcentration (ECPC) or sample pretreatment. It is a very vital step towards the
subsequent electroanalytical procedure [160]. Hopefully, by developing and optimising
the ECPC procedure conventional sample pretreatments will be by-passed. The aim of
this work was to design and optimise polymer based mercury electrodes for subsequent
EC lead determinations in urine samples.
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3 .2

EXPERIMENTAL

3 .2 .1

Reagents and Standard Solutions

All reagents used throughout the experimental were of analytical grade purity. Doubly
distilled water was used throughout. All other preparations were carried out as described
in Chapter 2, ‘Experim ental’ section 2.2, paragraph 2.2.1 ( ‘Reagents and Standard
Solutions’).

3 .2 .2

Instrumentation

3 .2 .2 .1

Portable voltammeter (“The Sampler”)

Basically, the “sampler” is a portable electrochemical voltammeter kit which contains
several small peripherals all linked together to form a single unit The main components
of the sam pler unit are: conventional peristaltic pump, a single flow through
electrochemical cell (SFTC) using sturdy working electrodes (such as GC, RVC or
M TFE’s) and a conventional potentiostat. Both the pump and the potentiostat are AC
and/or battery power operated. Overall, the sampler kit is small, compact and portable
which is ideal for field analysis of trace metals. The kit was a "homemade" device
(Department of Chemistry, Wollongong University). A complete set-up can be seen in
Figure 3.1.
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Figure 3.1: A portable voltammeter with peristaltic pump,
SFTC and effluent container.

3 .2 .2 .2

The single flow -through cell

A portable voltammeter kit (or “the sampler”) was designed to accommodate a single
flow-through cell (SFTC) which was constructed from two separate parts (Figure 3.2);
namely, section “A” and section “B”. Section “A” contains the working electrode (i.e.
RVC cartridge) while section “B” accommodates both the auxiliary and the reference
electrodes. This portable EC cell was designed and constructed to be used for the
purpose of electrochemical preconcentration (ECPC), on line. This portable SFTC can be
seen in Figure 3.2.

SINGLE FLOWTHROUGH ELECTROLYTIC CELL

inflow

I*-section "A" ->|<— section “B "— >|

KEY:
1. O u tflow
2. P t - w ir e (w orking electrod e connector)
3. RVC c a rtrid g e (w orking e lectrod e)
4. Heat sh rin k p la s tic
5. R eference Electrod e (A g /A g C l
6. Electrod e ca v itg (dead volume)
7. Inflow
8. C le a r P la s t ic e lectrod e body (Pe rsp e x)
9. Counter Electrod e (P t)
10. S cre w J o in t

Figure 3.2: A cross section of a single flow-through cell
containing the RVC working electrode.
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Initially, this type of EC cell was constructed from transparent perspex in order to
monitor visually the eluent flow within the cell cavity and to monitor its other internal
functions. With this prototype electrochemical cell, it was found that the perspex material
was chemically and physically deficient Its chemical resistance to wide variations in pH
drastically reduced its life span (the perspex material started to crack and crumble within a
period of only a few months) and therefore other chemically resistant materials were
sought. Teflon and stainless steel proved to be more superior construction materials (as
far as durability was concerned) but they too had a major disadvantage in that they were
not transparent to light. Therefore, monitoring of the cell cavity during its normal
operation could not be carried out by visible means. When the cell was fully set-up, the
three EC electrodes were then connected to a standard laboratory potentiostat which in
turn supplied a constant or pulsed potentials to the working electrode within the cell
cavity.

3 .2 .2 .3

Chemical stripping apparatus

The chemical stripping apparatus (CSA) was primarily designed to strip metal “loaded”
RVC cartridges with mineral acids. In design, this device is basically a transparent plastic
capsule or cylinder which snugly accommodates one RVC cartridge within its cavity.
One end of the capsule is the outlet while the other end (inlet) accommodates a standard
laboratory 25mL syringe containing the stripping acid, i.e. 10% nitric acid. The chemical
stripping procedure was carried out manually.
In this work a CME which consists of dispersed mercury in a polymeric substrate has
been developed and utilised for the determination of lead in urine. Additionally, with the
use of novel CM E’s in conjunction with ECPC, various sample pretreatments were
investigated with the aim of either eliminating or simplifying them prior to the
electroanalytical analysis.

Finally, the performance of these new electrodes were

compared with conventional electrodes.

3.2.2.4

The construction of a standard lead calibration curve using AAS

A standard Pb calibration curve was constructed using AAS because certain
electroanalytical determinations will be ultimately be compared with AAS values. For
example, the use of portable voltammeter in ECPC studies. The standard Pb calibration
curve is shown in Figure 3.14 and the EC data in Table 3.1.

Table 3.1
The construction of a standard lead calibration curve
obtained with AAS

Lead ST D ’s (ppm)

A bsorbance

0.00
1.00
2.50
5.00
10.0
15.0

0.000
0.065
0.155
0.279
0.501
0.750

Preparation of lead standards:
Sta n d a rd L e a d S o lu tio n

(lm L = 1 .0 mg Pb2+): Dissolve 1.5999g of lead nitrate in a

mixture of 10 mL HNO3 and lOOmL of distilled water. Dilute to 1 litre with water.
Standardisation:

A lOOmL blank solution was prepared along with five lead standard solutions with dilute
nitric acid (1+499).
A to m ic A b so rp tio n Spectrophotom eter ,

used at 283.3 nm.

•

Lead light source: hollow-cathode lamp.

•

Oxidant: filtered air.

•

Fuel: commercial acetylene.
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Figure 3.3: Standard calibration curve for lead.

3 .3
3 .3 .1

R E SU L T S AND D IS C U S SIO N
P re lim in a ry cyclic v o ltam m etry using b a re RYC and G C electrodes

Initially, bare GC and bare RVC electrodes were considered for the determination of lead
in standard NaCl solution (pH 7.0) and in an acetate buffer (pH 5.6).
Electropreconcentration was carried out at a cathodic potential of -1.0V for a period of up
to 5 minutes, with the use of constant agitation. However, no lead response was obtained
with subsequent cyclic voltammetry (both at low and high ppm levels) at the expected
potential of -0.45V. Thus, it was resolved that bare GC and bare RVC electrodes were
unsuitable for direct lead analysis (Figure 3.4).

200 n A

- ( K

Figure 3.4: Electroanalysis of 50ppb Pb in 0.1M NaCl using bare GC and cyclic

voltammetry with a scan rate 100 mV/s and preconcentration time of 60 seconds.
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Subsequently, the work progressed to MTFE’s.

3.3.2

Preliminary linear sweep voltammetry using MTFE’s

Before the mercury film was plated onto the GC electrode, the GC substrate was
physically prepared to produce good reproducibility and sensitivity. In addition, the
electrolyte was always deaerated to prevent electrode interferances, to minimise
hydroxide ion formation in the vicinity of the working electrode which can cause
precipitation of metal ions and finally to reduce baseline deviations [155,157]. In this
work, oxygen removal was achieved by bubbling inert nitrogen gas (approximately 5
minutes) through the cell solution prior to electroanalysis.
Lead analysis using the method of “spiked addition” was adopted in conjunction with
conventional cyclic voltammetry. This procedure was adopted and utilised primarily to
gain basic understanding of the technique for it is the simplest EC diagnostic tool for such
determinations. For example, it indicates the oxidation potential of lead (peak position)
and direct analysis could be carried out. Further, with the use of MTFE’s valuable facts
and data was obtained. The cyclic voltammogram in Figure 3.5 is a typical example of
lead analysis in standard aqueous solutions using a conventional GC/Hg electrode.

Figure 3.5: An MTFE in 0.1M NaCl (pH 7.0) determining 100 ppb Pb (Peak 1) with
scan rate of l.OV/s. The electrochemical preconcentration period was earned out at
-0.8V for a period of 5 min. Waveform LSV. Numbers 1, 2 & 3 are cycle numbers.
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The cyclic voltammogram in Figure 3.5 shows a typical lead peak potential (or oxidation
potential) at -0.45V (vs Ag/AgCl). A GC/Hg electrode was used as the sensor in
conjunction with ECPC procedure (-1.0V/5 min) in 0.1M NaCl (pH 7.0) with a relatively
fast scan rate of l.OV/s. The cyclic voltammogram indicates that the GC/Hg electrode is
capable of lead determinations in the low ppb range. In this particular example, it was
possible to determine 100 ppb Pb2+.

3.3.3

Preliminary lead preconcentration in a stationary cell

Cyclic voltammetry was used initially to acquire experimental data concerning EC
preconcentration. This electrochemical preconcentration (ECPC) work was commenced
with reticulated vitreous carbon (RVC) and followed by materials such as glassy carbon
(GC), mercury-thin-film electrodes (MTFE’s) and finally with polymer based mercurythin-film electrodes (PBMTFE’s). The remainder of this work was concerned with
preconcentration techniques optimisation and EC sensing using CME's.
Excellent sensitivity of stripping voltammetry is attributed to the preconcentration step. In
essence, the analyte ions are electrochemically extracted from the sample solution into the
mercury electrode according to Equation 3.1.
Pb2+ + 2 e _

Hg(Pb)
Eq. 3.1

The deposition potential was adjusted by the application of a negative potential for a set
period of time. The ECPC step is a very important experimental parameter in determining
the sensitivity of the technique; by increasing the deposition time the sensitivity was
generally increased. However, other factors such as the sweep rate play a part in
determining the signal to noise ratio.
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The preconcentration is then followed by a stripping step. The lead ions can be stripped
out of the mercury amalgam and back into the electrolyte as lead ions by electro-oxidation
as described by Equation 3.2
Hg(Pb) -> Pb2+ + 2e- + HgO
Eq. 3.2

W hen the electrode potential reaches the standard potential of the metal (positive scan)
then that metal is oxidised back into the electrolyte. The resulting current flow is directly
proportional to the ionic concentration of the analyte. Finally, the EC signal for that
reaction is recorded as a voltammogram. From the voltammogram the peak potential(s)
identifies the metal of interest. For example, the stripping potential of lead can be found
between the cathodic potentials of -0.5V and -0.45V (vs Ag/AgCl). Stripping potentials
(Standard Reduction Potentials) of other elements amenable to ASV are recorded in
standard chemical tables [15]. Other experimental parameters investigated in this work
will now be discussed in the following sections.
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3 .3 .3 .1

The effect of scan ra te

The effect of scan rate variation in the range of 50-500mV/s on peak height for 100 ppb
Pb is shown in Figure 3.6.

(VH)
Figure 3.6: The relationship between peak height (|iA) and scan rate for a solution
containing 100 ppb Pb. MTFE preconcentration 60 s, plating time 60 sec.

According to Figure 3.6 the effect of variations in scan rate and peak height is not linear.
It is attributed to the thickness of the mercury film.
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3 .3 .3 .2

T he effect o f plating tim e

Figures 3.7 and 3.8 show the relationship between the peak height and electrochemical
preconcentration (ECPC) time for a 10 and 100 ppb Pb solution respectively.

( vii) I
Figure 3.7: The relationship between peak height and
electrochemical preconcentration time for a 10 ppb Pb solution.
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Figure 3.8: The relationship between peak height and ECPC time
for a 100 ppb Pb solution.

The curve in Figure 3.7 shows a slight positive deviation while the curve in Figure 3.8
shows linear behaviour.

As a result of this work, all future ECPC times were

standardised at 1 minute. However, our main task was to design and use novel CME’s
for lead determinations, for ASV using MTFE’s is already an established EC technique.

3 .3 . 4

Novel C M E ’s fo r electroanalvsis

Novel CM E’s such as glassy carbon-mercury-polytyramine (GC/Hg/PTy) electrodes
were considered for trace lead analysis in standard salt solutions such as 0 .1M NaCl.
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3 .3 .5

L ead analysis using GC based electrodes and cyclic voltam m etry

Initial lead electroanalysis with conventional MTFE’s and GC/Hg/(PTy) electrodes was
undertaken in conjunction with cyclic voltammetry. A typical cyclic voltammogram is
shown in Figure 3.9.

-

1-0

-

0

0-0

-

-

0-7

EiV)

Figure 3.9: A typical cyclic voltammogram of 100 ppb Pb using GC/Hg(PTy) in 0.1M
NaCl. Scan rate = lOOmV/s, Initial potential = 0.6V, then scanned negative, 1-min
preconcentration time at -1.0V (vs Ag/AgCl).

Where:
...........= Blank curve
-------- = Sample curve
Peak 1 = Pb2+, at -0.45V
Peak 2 &3 = Oxidation states of GC/Hg(PTy) electrode
Peak 4 = Hg(II) reduction i.e. Hg2+ + 2e" --> Hg°
Peak 5 = Pb(II) reduction i.e. Pb2+ + 2e- —> Pb°
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Other relevant data of this work is compiled in Table 3.2 while Figure 3.10 shows one
resultant calibration curve.

Table 3.2
Electroanalytical data obtained using
GC/Hg/PTy electrodes

E lectrod e

LO D

Linear Range

E le c tr o ly te

pH

ECPC

GC/Hg/PTy

20 pg/L

20 to 200 pg/L

0.1M NaCl

7.0

-l.OV/lmin

GC/Hg/PTy

20 pg/L

20 to 400 pg/L

0.1M NaCl

1.0

-l.OV/lmin

GC/Hg/PTy

20 pg/L

20 to 100 pg/L

Urine (100%)

7.0

-l.OV/lmin

GC/Hg/PTy

20 pg/L

20 to 100 pg/L

Urine (1:1)

7.0

-l.OV/lmin

GC/Hg

100 pg/L

100 to 200 pg/L

Urine (100%)

7.0

-l.OV/lmin

GC/Hg

10 pg/L

1 to 200 pg/L

Urine (1:1)

1.0

-l.OV/lmin
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Pb Cppb)

Figure 3.10: Lead calibration curve using GC/Hg/PP(Ty) in 0.1M NaCl

From the above calibration curve, this particular CME displayed relatively good linearity
up to 800 ppb while the LOD was in the low ppb range.

3 .3 . 5 . 1

L ead analysis using DPSV

A novel GC/Hg/PP(N03) electrode was considered for lead determination in 0.1M NaCl
under the same conditions as its predecessors. A lead calibration curve was constructed
using DPSV. The resultant calibration curve is displayed in Figure 3.11.
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Pb Cppb)

Figure 3.11: A lead standard calibration curve using GC/Hg/PP(N0 3)
in 0.1M NaCl.

According to the above lead calibration curve, good linearity was achieved up to 200 ppb
Pb2+. Other calibration curves displayed linearity of up to 800 ppb. All calibration
curves were constructed by the standard addition method. Therefore, since DPSV gave
excellent results the technique was adopted for subsequent lead determinations. Table
3.3 shows other relevant data obtained with M TFE’s and PBM TFE’s in standard
solutions.

82

Table 3.3
Comparison of a PBMTFE with a conventional MTFE

LO D

Linear Range

E le c tr o ly te

pH

EC
W aveform

GC/Hg

1.0 pg/L

1 to 200 pg/L

0.1M NaCl

7.0

DPSV

GC/Hg/PP(N03)

1.0 pg/L

1 to 200 pg/L

0.1M NaCl

7.0

DPSV

GC/Hg

1.0 pg/L

1 to 200 pg/L

Buffer

6.0*

DPSV

GC/Hg/PP(N03)

1.0 pg/L

1 to 200 pg/L

Buffer

6.0*

DPSV

GC/Hg

1.0 pg/L

1 to 200 pg/L

Buffer

5.2**

DPSV

GC/Hg/PP(N03)

1.0 pg/L

1 to 200 pg/L

Buffa1

5.2**

DPSV

GC/Hg

1.0 pg/L

1 to 200 pg/L

Buffa

4 i**

DPSV

GC/Hg/PP(N03)

1.0 pg/L

1 to 200 pg/L

Buffa

4.1**

DPSV

E lectrod e

*

Prideaux Phosphate buffer solution : (Chapter 2, Section 2.2.2).

**

Walpole Acetate buffer solution : (Chapter 2, Section 2.2.2).

3.3.5.2
3.3.5.2.1

Lead determination using solid electrodes
GC/Hg electrodes

Lead determination in diluted urine (1:5) was carried out with DPSV. Post lead ECPC
using a MTFE, the potential of the electrode was scanned in the positive direction. At a
characteristic potential lead was oxidised (or stripped) from the electrode back into the
solution. The potential of the stripping peak (-0.5V) served to identify the metal while
the magnitude of the stripping current showed concentration. Urinary lead analysis was
carried out with a GC/Hg electrode in conjunction with DPSV to determine electrode
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efficiency and to compare final results with subsequent PBMTFE’s. Figure 3.12 shows
the resultant standard addition calibration curve obtained in diluted urine using the GC/Hg
electrode under standard experimental conditions.

(v il) I
0

20

40

60

80

100

120

Pb (ppb)

Figure 3.12: Urinary lead determination using a conventional
GC/Hg electrode.

According to the standard addition curve in Figure 3.12, urinary trace lead determination
was calculated to be 54 ppb (in the sample).

84

3 .3 .5 .2 .2

L ead d e te rm in a tio n using P B M T F E ’s

The next part of the work was to test PBMTFE’s for lead analyses in 0.1M NaCl.
Figure 3.13 shows the obtained data from such determinations.

Figure 3.13: Urinary lead determination using a GC/Hg/PP(N0 3) electrode in 0.1 M
NaCl. Sample dilution (1:5), EC waveform DPSV.

According to the standard addition curve in Figure 3.13 the x-axis was intersected at 11.52 ppb and since the urine was diluted 5 times with 0.1M NaCl the overall lead result
in the sample was calculated to be 58 ppb. As a result of this work, it was concluded that
novel PBMTFE’s are excellent urinary lead sensors. Furthermore, the polymer network
of the working electrode is durable.
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Subsequently, three urine samples were analysed for lead using both the MTFE and a
PBMTFE. The investigation was carried out under standard experimental procedures.
The results of such an investigation are compiled in Table 3.4.

Table 3.4
Electroanalysis of urinary lead using PBMTFE’s
and conventional MTFE’s

Urine Sam ple

E lectrode

Pb |lg/L (ppb)
E stim ation using DPSV

1

GC/Hg

57 ± 1

1

GC/Hg/(PTy)

58 ± 1

1

GC/Hg/PP(N03)

50 ± 1

2

GC/Hg

59 ± 1

2

GC/Hg/PP(N03)

59 ± 1

3

GC/Hg

57 ± 1

3

GC/Hg/(PTy)

59 ± 1

3

GC/Hg/PP(NC>3)

54 ± 1

The above data indicates good precision with the named CME’s. Both electrodes were
successful in determining trace amounts of lead in urine samples. Results indicate that all
electrodes are on the same par as far as lead sensitivity is concerned. However, as far as
lead analysis is concerned the GC/Hg/PP(NC>3) was superior because it produced low
background currents (which is a very desirable parameter in the field of electrochemistry)
and in turn resulted in good sensitivity. In addition, good reproducibility was achieved.
A linear calibration curve was constructed with excellent sensitivity of detection.
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It was found experimentally that PB MTFE’s are relatively more stable and durable
working electrodes than their conventional counterpart MTFE’s. As far as reproducibility
is concerned, the PBMTFE's were found to be excellent for lead determination in urine
samples. However, a disadvantage is associated with these particular CME’s; they are
not disposable. Provided that the CM E’s were kept in solution and that the mercury
amalgam was not oversaturated with metallics, the electrode can be used routinely for
several hours. Furthermore, the CME storage solution must not be too acidic (< pH 4.0)
in order to prevent mercury dissolution.

3.3.5.3

Urinary lead analysis using disposable CME’s

In order to acquire some competency with trace lead determinations using novel MTFE’s,
other aqueous solutions including real samples were considered. Freshly excreted urine
samples were collected and chemically preserved (20 mL 2N HC1 added to the container
prior to collection) to prevent deterioration. Prior to electroanalysis, samples were diluted
with doubly distilled water (1:5), filtered through 0.45|im filter and spiked with 0.1M
NaCl electrolyte.

3.3.5.3.1

C F/H g/P P (N 03) electrodes

Initially, disposable carbon-foil-mercury electrodes (CF/Hg) were synthesised and
investigated as possible lead sensors.

It was found experimentally that with relatively

thinner MTFE’s lead analysis can be carried out, however, at the expense of sensitivity.
The sensitivity reduction is due to the relatively high background currents. Because of
this fact, lead detection was consequently limited to 100 ppb (lowest limit of lead
detection attainable). Therefore, in order to eliminate such a problem a relatively thicker
MTFE had to be produced, i.e. 200 seconds deposition time instead of 100 seconds.
This slight pragmatic EC amendment lowered the background currents and in turn
increased sensitivity. With the use of such electrodes lead determination in the low ppb
range was possible. Figure 3.14 shows a standard lead calibration curve derived by the
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standard addition method. All experimental conditions were set according to standard EC
procedures.

P b /U r in e (p p b )

Figure 3.14: Lead determination using a CF/Hg electrode in 0.1M NaCl. EC waveform
DPSV.

Figure 3.14 indicates that this particular disposable electrode (CF/Hg) can perform lead
determinations quite satisfactory. In this particular case, lead electroanalysis using a
CF/Hg electrode resulted in 55 ppb Pb2+.
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The next part of the investigation was to use novel disposable PBMTFE’s (which were
constructed from the CF substrate) for the same objective and to evaluate them as possible
EC sensors.

Pb/Urine (ppb)

Figure 3.15: Urinary lead determination using a CF/Hg/PP(NC>3) electrode.

Figure 3.15 indicates that 90 ppb Pb2+ was obtained in a urine sample with the above
disposable electrode. In short, with the use of disposable CM E’s urinary lead
determination can be successfully carried out. Other EC data on disposable CME’s is
compiled in Table 3.5.
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Table 3.5
Electrochemical lead analysis using various MTFE’s

U rine Sam ple

E lectrode

E s tim a tio n

1

GC/Hgt

75 ± 1 pg/L (or ppb)

1

GC/Hgtt

54 ± 1 pg/L

1

GC/Hg/PP(NC>3)

62 ± 1 pg/L

2

GC/Hgtt

55 ± 1 pg/L

2

GC/Hg/PP(N03)

55 ± 1 pg/L

3

GC/Hgtt

54 ± 1 pg/L

3

GC/Hg/PP(N03)

54 ± 1 pg/L

t

” MTFE produced at 100s mercury deposition time

11 = MTFE produced at 200s mercury deposition time

Experimentally, it was found that a disposable CF/Hg electrode with a relatively thinner
mercury deposition film produces high background currents which is detrimental to
electroanalysis. This phenomenon can be seen in Figure 3.16.
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E(VOLTI

Figure 3.16: A cyclic voltammogram obtained with a CF/Hg electrode displaying a
relatively high background current. The lead peak (10 ppb) recorded at -0.46V
corresponds to lead oxidation, i.e. Pb° —> Pb2+ + 2e_

Key:
Differential pulse stripping voltammetry
Exp. conditions:
InitE (mV) = -1000
Final E(mV) = -300
V (mV/Sec) = 4
Pulse Amplitude (mV) = 50
Pulse Width (mSec) = 50
Pulse Period (mSec) = 1000
Deposit Time (Sec) = 120

91

The use of relatively ‘thin’ MTFE’s for urinary electroanalysis can be carried out at the
expense of higher (or poorer) LOD sensitivity caused by relatively high background
currents. Therefore in order to rectify the problem, relatively thicker mercury films were
electroplated onto the carbon foil substrate simply by doubling the electroplating period
from 100 seconds to 200 seconds.

3.3.6

Comparison between electroanalvsis and GFAAS analysis

A new batch of urine samples were collected, filtered, diluted and immediately processed
by DPSV and by GFAAS. The EC analysis was performed with disposable MTFE’s
while the GFAAS analysis was carried out conventionally. Urinary lead analyses using
disposable M TFE’s are summarised below in Table 3.6 and compared with values
obtained with GFAAS.
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Table 3.6
EC and GFAAS data comparison

S a m p le

E lectrod e

(E C )
W aveform

P b ^ + in
U rine

GFAAS
A n a ly s is

BLANK

Disposable CF/Hg

D.P.S.V.

0 ppb

0 ppb

Known Standard
lOppb Pb

Disposable CF/Hg

D.P.S.V.

11 ± 1 ppb

10 ± 1 ppb

Known Standard
20ppb Pb

Disposable CF/Hg

D.P.S.V.

25 ± 1 ppb

20 ± 1 ppb

Known Standard
30ppb Pb

Disposable CF/Hg

D.P.S.V.

34 ± 1 ppb

30 ± 1 ppb

Known Standard
50ppb Pb

Disposable CF/Hg

D.P.S.V.

53 + 1 ppb

50 ±1 ppb

Sample 1

Disposable CF/Hg

D.P.S.V.

40 ± 1 ppb

30 ± 1 ppb

Sample 2

Disposable CF/Hg

D.P.S.V.

45 ± 1 ppb

50 ± 1 ppb

Sample 3

Disposable CF/Hg

D.P.S.V.

40 ± 1 ppb

30 ±1 ppb

Sample 1

Disposable
CF/Hg/PP(N03)

D.P.S.V.

35 ± 1 ppb

30 ± 1 ppb

Sample 2

Disposable
CF/Hg/PP(N03)

D.P.S.V.

45 ± 1 ppb

50 ± 1 ppb

Sample 3

Disposable
CF/Hg/PP(N03)

D.P.S.V.

53 ± 1 ppb

50 ± 1 ppb

According to the data in Table 3.6, results of both analytical determinations are
comparable. Overall, disposable CM E’s are reliable EC sensors which can be used for
practical lead determinations without too much sample pretreatment. Their use is
recommended because they are easy to make, reliable and disposable. The standard Pb
calibration curve was obtained with the GFAAS from which all unknown samples were
calculated.
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3.3.7

Electrochemical preconcentration

The development of rapid ECPC procedures using the flow through sampler cell was of
interest. However, initially lead preconcentration onto bare RVC cartridges was carried
out in a conventional electrochemical cell to determine whether the substrate was good
enough to be used directly. This preliminary ECPC procedure was carried out in a
stationary cell containing 0.1M NaNC>3 spiked with 10 ppm Pb2+. The cathodic
electroplating potential which was applied to the RVC working electrode was a constant 0.80V (vs Ag/AgCl). The duration of ECPC process was 10 minutes. Post ECPC, all
RVC cartridges were carefully acid stripped (using the CSA) with an aliquot of dilute
nitric acid (lOmL) and finally analysed using AAS. All other subsequent lead
preconcentration steps were carried out as described and AAS trace determinations carried
out accordingly:
•

the construction of a standard lead calibration curve, followed by

•

comparison of unknown samples (stripping solution) to the standard calibration
curve.

All other relevant information is described in subsequent sections.
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In this work on ECPC, it was found that it was only possible to recover between 25-30%
Pb2+ from the spiked solution onto bare RVC cartridges. In short, the results indicated
that bare RVC’s were inefficient electrodes for direct ECPC work. Therefore, in order to
optimise the ECPC process a new batch of bare RVC electrodes were mercury plated and
transformed into M TFE’s (i.e. RVC/Hg). Finally, they were investigated for ECPC
efficiency in a stationary cell and under the same experimental conditions as their
predecessors. This time round, the use of MTFE’s for the extraction of 10 ppm lead
from a standard sodium nitrate solution resulted in 99-100% Pb2+ uptake. Furthermore,
the spent eluent was analysed for residual lead using AAS.

In short, MTFE’s were

found to be efficient working electrodes for ECPC in aqueous solutions. In addition, it
was found that whenever mechanical agitation was used with ECPC work that optimum
yield resulted and generally in a shorter period of time. In summary, for the purpose of
ECPC, it is absolutely essential that mechanical stirring be employed during the course of
the procedure.

3.3.7.1

Electrochemical preconcentration with the use of a single
flow-through cell

A single flow through cell (SFTC) was designed for ‘on-line’ EC preconcentration
purposes. Initially, it was set up to test ECPC efficiency from standard aqueous
solutions. The effect of applied potential on lead preconcentration was considered with
the use of RVC/Hg working electrodes in conjunction with a flow rate of 1.0 mL/min
and an applied cathodic potential of -0.80V. Post ECPC process, the lead ‘loaded’
MTFE’s were chemically stripped and the lead containing solution analysed using AAS
(Varian Model AA6, X = 283.3 nm for lead).
Experimentally it was found that potentials more negative than -1.0V caused problems
with gas formation both at the auxiliary and the working electrode within the EC cell
cavity. Consequently a new cathodic potential of -0.80V was considered with the same
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flow rate. As a result, excellent reproducibility for lead ECPC was obtained and without
any gaseous problems, Table 3.7.

Table 3.7
Lead uptake via ECPC onto RVC/Hg electrodes

S a m p le

% Pb Uptake
(via ECPC from 10 ppm Pb)

1

99 ±1

2

99 ±1

3

100 ±1

4

96 ±1

5

99 ±1

Average

99 ±1

Flow rate

= l.OmL/min (0.1M NaNC>3 spiked with 10 ppm Pb2+)

Applied Potential = Constant -0.80V (vs Ag/AgCl)
Working Electrode = RVC/Hg (RVC porosity of 100 ppi)
Stripping

= Chemical (with CSA)

Lead Analysis

= AAS

The ECPC procedure using more anodic potentials (i.e. -0.70V to -0.50V) was also
investigated and similar results were obtained as those in Table 3.7. The investigation of
more anodic potentials for ECPC purposes was carried out with the aim of improving
analyte selectivity.
Another set of M TFE’s were made but in this instance the ECPC procedure was
performed with an automatic pulsing electrolysis between the cathodic potentials of -0.8V
to -0.3V using a pulse width of 200 ms, for it was reported that the use of pulsed
potentials enhances electrochemical preconcentration and sensitivity [161], Table 3.8.
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Table 3.8
Effect of pulsed potential

S a m p le

% Pb2+ Uptake
(via ECPC from 10 ppm Pb)

1

99 ±1

2

99 ±1

3

100 ±1

4

98 ±1

5

99 ±1

Average

99 ±1

Applied Potential

-0.8V for (200) ms, -0.3V for (200) ms

Eluent How rate

1 mL/min (0.1M NaN 0 3 spiked with 10 ppm Pb2+)

Pulse width

200 ms

Working Electrode

RVC/Hg (RVC porosity of 100 ppi)

Stripping

Chemical (with CSA)

Lead Analysis

AAS

As a result of this work, ECPC using pulsed potentials was found to be optimal just like
the constant potential method. In short, both ECPC techniques were found to be 100%
efficient as far as lead uptake is concerned.
An eluent flow rate of 0.57 mL per minute was considered, to determine the effect on EC
preconcentration, for the flow rate is an important EC experimental parameter and needed
to be explored. Results of this work is compiled in Table 3.9.
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Table 3.9
Effect

of eluent

flow

rate

S a m p le

% Pb2+ Uptake
(via ECPC from 10 ppm Pb)

1

100 ±1

2

100 ±1

3

99 ±1

4

-

5

100 ±1

Average

100 ±1

Working Electrode

RVC/Hg (RVC porosity of 100 ppi)

Flow rate

0.57 mL/min (0.1M NaNC>3 spiked with 10 ppm Pb2+)

Applied Potential

Constant -0.80V (vs Ag/AgCl)

Stripping

Chemical (with CSA)

Lead Analysis

AAS

Generally, by reducing the flow rate from 1.0 mL/min to 0.57mL/min produced optimum
results, i.e. 100% efficiency of lead uptake. However, as a result of this work it was
found that eluent flow rate reduction was considered to be detrimental to electroanalysis,
i.e. it slows down the speed of analysis.
The next part of the ECPC investigation was to determine the effects of increased eluent
flow rate (i.e. from 0.57mL/min to 2.0 mL/min), and keeping all other experimental
parameters constant. Results of this work are compiled in Table 3.10.
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Table 3.1ft
Effect

of

eluent

flow

rate

S a m p le

% Pb2+ Uptake
(via ECPC from 10 ppm Pb)

1

91 ±1

2

79 ±1

3

88 ±1

4

90 ±1

5

92 ±1

Average

88 ±1

Working Electrode = RVC/Hg

(RVC porosity of 100 ppi)

R ow Rate

= 2.0 mL/min (0.1M NaN (>3 spiked with 10 ppm Pb2+)

Applied Potential

= constant -0.80V (vs Ag/AgCl)

Stripping

= Chemical (with CSA)

Lead Analysis

= AAS

In this work inferior results were obtained when the eluent flow rate was increased from
0.57mL/min to 2.0mL/min. Consequently only 88% of lead uptake was obtained.
Therefore, higher flow rates were not considered for 2.0mL/min already produced
undesired results.
As a consequence of this work on ECPC, an eluent flow rate of l.OmL/min was found to
be optimal. Relatively higher flow rates reduced the ECPC efficiency, while lower flow
rates retard the speed of analysis. In general, the use of MTFE’s for lead ECPC and
chemical extraction proved to be very efficient in clean electrolyte solutions when
optimum experimental parameters were used.
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3.3.8

Electrochemical preconcentration and analysis vs direct
GFAAS determination

In this practical application urinary lead determinations were carried out by two analytical
methods. The first method used RVC/Hg electrodes with an optimised ECPC step
carried out with the portable voltammeter (A.E.D.A.) followed by chemical stripping
using the CSA and finally by GFAAS analysis. The second analytical determination was
performed purely by standard GFAAS analysis. Both analytical techniques analysed the
same urine samples in order to compare the final results. Urinary lead determinations
were investigated purely to determine the ECPC efficiency of the portable voltammeter
(A.E.D.A.) as the ECPC device. Table 3.11 summarises such results.

Table 3.11
Urinary lead determination using two analytical procedures

U rine
S am p le

Pb/Urine (ppb) using Pb/U rine (ppb) using
direct GFAAS
E C PC , CSA
followed by GFAAS

1

47

48

2

47

48

3

47

48

Initially, three urine samples were directly analysed by GFAAS method. Subsequently,
the same set of urine samples were then electrochemically preconcentrated, chemically
stripped and finally analysed by GFAAS. The final results obtained by both analytical
method were similar. In short, good accuracy and precision was achieved with both
analytical techniques. The above data shows that both sets of results are comparable and
that the ECPC method works efficiently with RVC/Hg electrodes when used in dilute
urine.

Generally, RVC/Hg electrodes can be used in ECPC work in practical

applications.
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3 .4

C O N C L U S IO N

The portable voltammeter kit ("the sampler") was used in Pb preconcentration studied and
was found to be virtually 100% efficient. In essence, excellent recoveries were attributed
to the preconcentration step. In addition, reproducibe results were obtained with the
voltammeter unit. In general, the instrument can be used in the laboratory and in field
analysis.
M TFE’s and PBM TFE’s were both investigated in detail for lead determinations in
aqueous solutions. They were found to be excellent EC sensors. All electrodes were
relatively easy to prepare (i.e. within 10 minutes) and the materials needed for the
modification of electrode substrates were relatively inexpensive.
MTFE’s and PBMTFE’s were able to be used in ECPC work, in situ. Since the limit of
detection (LOD) was low enough (in (Ig/L Pb2+) these mentioned CME’s are suitable for
practical applications. Disposable PBMTFE’s, e.g. CF/Hg/PP(N0 3), can also be easily
transformed into efficient working electrodes by simple EC modifications.
Lead calibration curves using PBMTFE’s are generally linear up to 200 ppb, which is
satisfactory under conditions studied. In short, the sensitivity of such electrodes is good.
The capacity of both MTFE’s and PBMTFE’s suffered from saturation effects at high
concentrations. This was indicated by a negative deviation from linearity at concentrations
above 800jLtg/L Pb2+. However, this is not a problem because our work was limited to
100 |ig/L Pb2+.
Disposable CME's were successfully synthesised and utilised for practical applications.
PBMTFE’s were designed to be utilised for lead determinations and then discarded after
use. They were not designed to be regenerated.
All CME’s which were tested were found to be relatively comparable with one another as
far as lead sensitivity is concerned i.e. electrodes such as CF/Hg, CF/Hg/PP(N0 3 ),
GC/Hg and GC/Hg/PP(N0 3 ) were all on par as far as lead LOD is concerned both in
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standard solutions and in real samples. In addition, both disposable and nondisposable
electrodes are capable of lead determinations in the low ppb range.
Experimentally it was found that MTFE’s with a low amount of free mercury on their
surfaces are not as efficient as those with thicker mercury films. Furthermore, better
LOD can be obtained with thicker mercury films for they produce lower background
currents. The amount of mercury deposited onto the CF determines the amount of
background current produced. Disposable CF/Hg electrodes are much simpler to make
and ju st as efficient for direct lead analysis in dilute urine when compared with
CF/Hg/PP(N0 3 ) electrodes. However, the polymer based CME’s are more stable and
produce lower background currents in comparison to plain CF/Hg electrodes.
Disposable CM E’s can be synthesised reproducibly on a large CF sheet, stored and
utilised whenever needed for it was found that they are relatively stable for several days.
Furthermore, CME’s can be kept safely in storage and cut into various electrode shapes
and sizes, whenever needed. Calibration curves produced with novel CM E’s are
generally linear up to approximately 200 ppb Pb^+ level, which is quite satisfactory for
urine analysis.
The mechanical and chemical stability of all CM E’s were satisfactory in both these
regards under conditions studied. In addition, m ost CM E's displayed good
electrochemical stability and inertness.
In summary, MTFE’s and PBMTFE’s are both disposable CME's and generally good
electrochemical sensors particularly for lead assays. They are relatively inexpensive, easy
to make and use. Overall, their use is recommended for trace lead determinations in
urine. In short,
•

CME’s can be used in the electroanalytical preconcentration step.

•

CME’s can be used as lead sensors in urine samples in the low ppb range.

•

CME’s are relatively easy to synthesise, inexpensive and disposable.

•

CME’s can be synthesised on a reproducible basis.

•

Stability of CM E’s is quite satisfactory (they can last up to several days if
maintained properly).

CHAPTER 4:
THE DEVELOPMENT OF NOVEL CME’s FOR
URINARY OXALATE DETERMINATION
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4 .1

INTRODUCTION

Researchers have reported that when rhubarb, spinach and other sour grasses are ingested
in excess that they may be fatal, especially to children [162]. This is due to the fact that
oxalate combines with calcium to form calcium oxalate which induces central nervous
system stimulation such as convulsions, irritability, tremors and twitching [162]. Oxalate
crystals in the ureter and bladder cause pain and hematuria (blood in the urine, due to
injury or disease of any of the urinary organs). Death may also occur with renal
obstruction or to hypocalcemia which in turn leads to cardiac failure [163]. The loss of
soluble calcium salts deprives the body of Ca2+ ions. Furthermore, not only are Ca2+
ions involved in the maintenance of muscular (including cardiac) and skeletal functions
but they also play a role in coagulation of fibrogen in the blood [163]. The deficiency of
Ca2+ anions hinders the coagulation of fibrogen [163]. Oxalates are found in many body
fluids such as urine, blood, bile and in gastric fluids. The source of oxalates in urine are
in the form of oxalic acid or in microscopic crystals (octahedron) of calcium oxalate.
Thus the analysis of oxalic acid or oxalate anion has attracted clinical attention.
Currently there are many chemical techniques which are available to chemists for the
determination of oxalates in human urine. Oxalate concentration in urine has been
determ ined by methods, such as; precipitation [164], ion exchange [165], solvent
extraction [166], enzymatic degradation [167-169], HPLC [163,170-172], GLC [173],
polarography [174], spectrophotometry [175], oxidation titrimetry [176] and by isotope
dilution [177-179].
All of these m ethods have certain limitations. For exam ple, m ethods which use
precipitation and subsequent titration involve many steps all of which are potential
sources of error. N either solvent extraction nor spectrophotom etric methods are
quantitative, they are prone to large errors. For example, pretreatment and colorimetric
analysis o f urinary oxalate with complex tetrasodium EDTA (TEDTA) is only 80%
efficient [180].
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Enzymatic methods do not require a separation step which is analytically appealing but
disadvantages were also encountered with the method. For example, the enzymatic
decom position of oxalate and the difficulties associated with the potentiometric
measurement of CO2 release [163].
Commercial enzyme kits (Sigma) are available [181] but they also have problems, for
example chromophore development time is too short and unreliable, the method is very
pH dependent (the urine must be acidified between the pH of 1.8 and 2.4) and prone to
interferences from organic anions such as ascorbate [181].
The use of chromatographic methods has vastly improved oxalate determinations with
regard to selectivity and speed of analysis. HPLC techniques are becoming more popular
since GLC involves laborious esterification processes prior to the actual chromatography
[163].

However, the HPLC method has two main disadvantages:

it needs both

expensive instrumentation and pre-column derivatisation [163,170-172]. Furthermore,
sometimes derivatisation procedures are needed in order to improve the selectivity at the
expense of speed [163,172].
The main problem associated with ion-exchange chromatography with conductometric or
amperometric detection is that the method is time consuming [182]. The other difficulty
with column chromatography is the separation of glyoxylate (Eq. 4.1) and glycollate (Eq.
4.2) derived from the reduction of oxalate [182].

(COOH)2 + H2 -* CHO-COOH + H20
Eq. 4.1

(COOH)2 + 2H2 -* CH2OH-COOH + H20
Eq. 4.2
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Isotope dilution is probably the m ost accurate method currently used for oxalate
determination in urine but it requires the addition and measurement of 14C -oxalate
[163,182]. This method is sensitive but it is also time consuming (about 24 hours)
[182].

Electrochemical detection has also been used for oxalate assays, but the lack of specificity
and the necessity to remove interferents did not make the use o f such probes attractive
[163,174,178,183]. Carbon electrodes (paste and vitreous) have also been used with
cyclic voltammetry but it was found that the method was non selective [178]. Table 4.1
summarises the disadvantages associated with current oxalate determinations.

Table 4.1
Current methods used to measure oxalate
after separation from urine

A n alytical M ethod

C o m m en ts

Precipitation
(as Ca, Ce, Eu and Th/oxalate)

Incomplete precipitation

Solvent Extraction

Not specific for oxalates and possible incomplete
extraction

Ion Exchange
(anion exchange resins)

Complex and time consuming

Reduction of Oxalate to Glyoxalate
(with Zn/HCl) (COOH)2 + H2
HOOC-COH + H20

Very critical conditions needed. Reaction difficult
to control quantitatively.

Reduction of Oxalate to Glycollate
(with Mg/H2S 0 4) (COOH)2 + 2H2 ->
HOOC-CH2OH + H20

Catalyst too vigorous for quantitative reduction.

Oxidation Titrimetry
(KM n04 or Ce4+)

Interferences from substances

Reaction difficult to control.

Enzymatic Degradation
(decarboxylase or oxidase)

C 0 2 losses, inhibitors in urine, temperature and
fungus control, pH, and time of degradation
control

Colourimetry

Sensitive but not specific, prone to interferences,
complex and time consuming

GLC

Complex, derivatives needed

HPLC

Complex, derivatives needed

Electrochemical
• polarography
• DPASV

Too much pretreatment is required.
Unreproducible paste electrodes give
unreproducible results

Isotope dilution

References needed and time consuming
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4 .2

EXPERIMENTAL

In this work the use of polymer modified electrodes was considered for electroanalytical
determinations of oxalates in standard solutions and in urine. The aims of this work were
to develop disposable CME’s which are capable of trace oxalate determinations both in
standard solutions and in real samples, and to overcome or minimise electrode poisoning
in order to reduce extensive sample pretreatments.

4 . 2. 1

Reagents and standard solutions

All reagents used throughout the experiment were of analytical grade purity. Doubly
distilled water was used throughout.
All other preparations were carried out as described in the Experimental section of
Chapter 2, ‘Reagents and Solutions’, Section 2.2.1.

4.2.2

Instrumentation

Refer to the experimental section in Chapter 2, ‘Instrumentation’, Section 2.2.3.

4.2.3

Collection of urine

In order to obtain a relatively representative sample, urine collection was carried out early
in the morning (8.00 a.m., morning specimen) by a “mid-stream catchment technique”.
The first morning specimen was the preferred sample for urine analysis, as night urine is
more concentrated and more acidic than the day sample [179]. The urine sample was
collected in a clean plastic container, sealed and delivered to the laboratory (within a few
hours). Since some components of urine are not stable and urine is an excellent culture
medium [178], ideally the urine sample should be processed and examined within 30
minutes or within 24 hours if it was kept sealed and refrigerated.
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4.2.4

Pretreatment of urine

As soon as urine samples were delivered at the laboratory they were immediately filtered
through a 0.45|im Millipore filter and processed within two hours, otherwise bacterial
action would cause other undesirable problem s, such as form ation o f sediments.
Alkaline urine samples were pretreated as quickly as possible, i.e. by acidifying with
33% (V/V) acetic acid or 2M HC1 to approximately pH 4.0 [179]. Extra urine was
preserved and refrigerated.

4.2.5

Oxalate test (Gerhardt’s Method)

This is a qualitative test carried out on all samples prior to any EC determination [179].
To 5.0 mL of artificial urine (including a quantity of oxalic acid), a few drops of 10%
FeCl3 were slowly added and mixed until the precipitation ceased. A positive oxalate
reaction was identified on top of the urine surface by a reddish-brown colour. On the
other hand, if the urine sample contained acetoacetic acid a purple colour would be
formed [179].

If the urine sample contained phosphates then a ferric phosphate

precipitate would form [179]. Thus, Gerhardt’s test was a simple qualitative chemical
procedure for the determination of oxalates, ketones and phosphates in urine [179].
Prior to any EC determ ination of urinary oxalates, a conventional qualitative
determination was initially performed by the Gerhardt’s Method [179] to indicate whether
urinary oxalates were present within the matrix. This procedure was commenced by
keeping two blank samples (as references) and spiking another two artificial urine
samples (i.e. chemically synthesised) with a known quantity of oxalic acid, i.e. 10 ppm
and 50 ppm. One set of spiked samples were processed immediately (i.e. one blank and
two spiked) while the other samples were stored in the fridge to be tested 24 hours later.
The Gerhardt’s test was carried out to determine whether there was any difference (or
oxalate deterioration) between the two batch samples within the time period. The
Gerhardt’s test indicated that the spiked urine samples had different quantities of oxalate
within the matrix. The second batch of samples were processed 24 hours later on and
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similar results were obtained, indicating that urinary oxalates did not decompose within
that time frame. Therefore, not only was the test a quantitative measure but it also
indicated that urinary oxalates can be preserved over a 24 hours period without any loss
if samples were sealed and kept refrigerated. The Gerhardt’s method [179] was also
carried out with real urine samples prior to any electrochemical oxalate determination to
ensure that the analyte in question did exist. However, colorimetric test performed with
natural urine was not as good as with artificial urine but nevertheless it worked.

4.2.6

Sample clean-up procedures

An important part of the EC investigation was to expose urinary inhibitors which impede
electroanalytical procedures i.e. contaminants which poison the surface of the working
electrode. The immediate objective and plan was to eliminate (by consecutive means)
urinary components from the matrix with the hope of eradicating the problem. The first
suspect was the chloride anion followed by uric acid, urea, sulphur and proteins. All of
these urinary components were either chemically or physically eliminated from its matrix
according to subsequent sections.

4.2.6.1

Chloride removal from urine

Chloride anions were suspected to be interfering with electrochemical oxalate analysis
and so it was only appropriate to warrant their removal from the urine matrix. Chloride
ions were initially investigated for they were the predominant anions within urine. This
procedure was carried out by simple chemical precipitation method with 0.1M AgNC>3
solution. Initially, the urine sample was filtered through a 0.45 |im Millipore filter and
diluted down with distilled water (1:100). To the diluted urine a small quantity (1 mL) of
0.1M AgNC>3 solution was added in order to precipitate the chlorides in the form of
AgCl. The solution was then allowed to stand for approximately half-an-hour to settle all
the precipitates. This precipitation procedure was carried out twice or until no further
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precipitation resulted. Finally, the chloride free liquor was carefully decanted, filtered for
the second time through a new 0.45 |im Millipore filter and used for electroanalysis.

4.2.6.2

The ‘SEP-PAK’ urine filtering system

The SEP-PAK cartridge was used as recommended by the manufacturer. The SEP-PAK
silica cartridge was preconditioned or “wetted” with high purity methanol and then
flushed out with distilled water. After the “wetting” procedure an aliquot of fresh urine
was passed through the filter and collected in a clean vessel.
While filtering, it was observed that the urine yellow coloration disappeared, but it still
retained its viscous frothy property. This indicated that bile compounds were not filtered
out (bile salts are responsible for the foaming property in urine when agitated). Post
filtering, the Gerhardt’s method was carried out simply to ensure that the analyte was
present in the filtrate sample. The test proved positive, a quantity of oxalates was present
in the filtrate matrix. Finally, the filtered urine was diluted to a ratio of 1:5 and acidified
to pH 4.0 with 2M HC1. In conclusion, the SEP-PAK filtration system appeared to
‘clean-up’ the urine sample, but not totally.

4.2.7

The bile salt test

Bile juice interferes with electroanalytical procedures in urine samples (poisons the
electrode surface) and warranted investigation, i.e. we needed to know whether the urine
sample contained bile salts prior to EC determination. In general, bile juice (pH 7.0-7.6)
contains mucus, bile salts, bile pigments, cholesterol, fatty acids, fats and inorganic salts
[179]. It can also have drugs, toxins and heavy metals [179]. Bile salts lower the
surface tension and cause foaming when the urine is shaken [179].
A qualitative bile test was carried out in order to determine if excessive amounts of bile
salts was present in the urine [179]. To a clean 100 ml beaker add 50 mL of distilled
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water and on top of the water sprinkle some “flower of sulphur (fine sulphur particles).
With a pipette, add just one drop of urine and observe. If the bile salts are present the
fine sulphur particles will be repelled from urine. On the other hand, if bile salts are
absent sulphur powder will remain in the centre of the beaker. Overall, this test only
serves to indicate whether bile salts exist in either untreated urine or in the SEP-PAK
filtered urine. For the majority of the time the test proved positive.

4.2.8

Preservation of urine

Urine preservation was carried out in order to impede bacterial growth, instability of
urinary components and degeneration of sediments (pus and blood). The suppression of
bacterial growth inhibits the following:
•

the conversion of urea to ammonium carbonate by urinary bacteria (in
alkaline matrix) [179]

•

the degradation of glucose (again by bacteria) [179]

•

the interference of bacterial proteins in tests (for organic components,
particularly proteins) [179]

If prolonged urine preservation had to be undertaken then the sample was treated with
either toluene or chloroform [179. Toluene was selected because it did not interfere with
the urine sample and, furthermore, toluene is the accepted reagent for urine preservation
normally used in pathological laboratories [179]. Enough toluene was added to the
(filtered) urine sample to form a thin layer over the surface in order to seal it from the
oxidising atmosphere.

Subsequently, whenever a urine sample was required for

electroanalytical purposes, it was simply pipetted from beneath the toluene layer. In
addition, toluene covered urine samples were also well sealed and kept cold in the
refrigerator, but not for more than 16 hours.
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4 .3
4 .3 .1

R ESU LTS AND DISCUSSION
O xalate d eterm ination using a Pt-w ire electrode in sta n d a rd
s o lu tio n s

Initial investigations involved consideration of the voltammetric behaviour of oxalate in
0.1M NaCl and in 0.1M NaN03 with the use of a Pt-wire electrode. The overall aim was
to obtain preliminary data on the behaviour of oxalic acid in various standard solutions
prior to work with real samples such as urine. However, in this work only detection at
anodic potentials was considered, since it was reported that oxalic acid oxidation at Pt and
Au electrodes in aqueous solutions takes place at high anodic potentials [178,184,185].
A typical CV is shown in Figure 4.1.

Figure 4.1: Pt-wire electrode detecting 10 ppm oxalic acid (acidified with 0.1M H2SO4
to pH 2.5) in 0.1M NaCl between the potential range of -1.2V and +2.0 V with a scan rate
of 100 mV/s. Peaks 1 and 2 correspond to oxalic acid oxidation and reduction. Other
redox couples correspond to oxidation and reduction of electrolyte species. Refer to Eq
4.4 and Eq 4.5.
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4 .3
4.3.1

RESULTS AND DISCUSSION
Oxalate determination using a Pt-wire electrode in standard
solutions

Initial investigations involved consideration of the voltammetric behaviour of oxalate in
0.1M NaCl and in 0.1M NaN03 with the use of a Pt-wire electrode. The overall aim was
to obtain preliminary data on the behaviour of oxalic acid in various standard solutions
prior to work with real samples such as urine. In this work only detection at anodic
potentials was considered, since it was reported that oxalic acid oxidation at Pt and Au
electrodes in aqueous solutions takes place at high anodic potentials [178,184,185]. A
typical CV is shown in Figure 4.1.

Figure 4.1: Pt-wire electrode detecting 10 ppm oxalic acid (acidified with 0.1M H2SO4
to pH 2.5) in 0.1M NaCl between the potential range of-1.2V and +2.0V with a scan rate
of 100 mV/s. Peaks 1 and 2 correspond to oxalic acid oxidation and reduction. Other
redox couples correspond to oxidation and reduction of electrolyte species. Refer to Eq
4.4 and Eq 4.5.
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With the use of cyclic voltammetry a well defined oxidation response of oxalic acid was
observed at approximately +1.10V vs Ag/AgCl (Peak 1 in Figure 4.1). This process of
oxalic acid electro-oxidation has been attributed to [22,178]:

PtOads + (COOH)2 -> Pt + 2 C 0 2 + H20
Eq. 4.3

Equation 4.3 shows that the oxalic acid reacts with adsorbed oxygen on the Pt surface
and reduces the oxide layer (Peak 2 in Figure 4.1). Thus, the reaction proceeds through
two coupled EC reactions: oxidation of oxalic acid and the reduction of PtO layer [22]. In
addition, it is known that oxalate is also reduced at cathodic potentials [22] according to
Equations 4.4 and 4.5.

(COOH)2 + 2e- + 2H+ -> C H 0 -C 0 0 H + H20
Eq. 4.4

CHO-COOH + 2e- + 2H+ -* CH2OH-COOH + H20
Eq. 4.5

However, the reduction of oxalic acid was not of interest and therefore was not further
investigated. Peaks 3,4 , and 5 found in the cyclic voltammogram were due to oxidation
and reduction of electrolyte species. The effect of ECPC was also investigated with the
use of Pt-wire electrodes, however Redox peak enhancement was not possible. A
standard oxalic acid calibration curve was constructed (using anodic peak potentials) with
the use of a Pt-wire electrode in 0.1M NaCl (Figure 4.2).
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Figure 4.2: Oxalic acid standard calibration curve using a Pt-wire electrode in 0.1M NaCl

Figure 4.2 shows that oxalic acid determination can be carried out in clean standard
solutions between 5 and 100 ppm. Since human urinary oxalates normally range between
10-30 ppm [179] the standard calibration curve was limited to 100 ppm.
The effect of supporting electrolytes such as phosphate and acetate buffers was also
considered, since urinary assays perform best in acid medium [179]. Furthermore,
oxalate in acidified urine is stable for about 7 days at room temperature, refrigerated or
frozen [179]. All data are summarised in Table 4.2.
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Table 4.2
Determination of oxalic acid in various solutions
using a bare Pt electrode

E lectrod e

M atrix

Pt-wire

0.1MNaNC>3

Pt-wire

pH

Linear
R ange

E p (o x )

Ep(red)

'( o x )

*(red)

LO D

7.0

+1.10V

-0.30V

0.22 mA

-

3 ppm

1-100
ppm

0.1M NaCl

7.0

+1.10V

-0.28V

0.24 mA

-

3 ppm

1-100
ppm

Pt-wire

Phosphate
buffer

7

2 **

+ 1.08 V

-0.45V

0.21 mA

-

3 ppm

1-100
ppm

Pt-wire

Phosphate
buffer

5.9**

+ 1.04V

-0.48V

0.20 mA

-

3 ppm

1-100
ppm

Pt-wire

Acetate buffer

4.6Î

+ 1.04 V

-0.48V

0.20 mA

-

3 ppm

1-100
ppm

Pt-wire

Acetate buffer

3.4+

+ 1.04 V

-0.45V

0.22 mA

-

3 ppm

1-100
ppm

Pt-wire

Phosphate
buffer

4.6*

1.13V

-0.45V

0.18 mA

-

3 ppm

1-100
ppm

Pt-wire

Phosphate
buffer

2.5*

+1.12V

-0.45V

0.18 mA

-

3 ppm

1-100
ppm

Pt-wire

Phosphate
buffo*

2.0*

+1.10V

-0.43V

0.17 mA

-

-

-

Where:
t

= Walpole Acetate buffer; (Chapter 2.0, Section 2.2.2).

*

= McIIvane Phosphate buffer; (Chapter 2.0, Section 2.2.2).

**

= Prideaux Phosphate buffer; (Chapter 2.0, Section 2.2.2).

LOD

= determined experimentally.

F.xperimental Parameters
Waveform = cyclic voltammetry, E(working) = Pt-wire, E(reference) = Ag/AgCl, E(counter) = Pt-wire,
Scan Rate = 100 mV/s, E(range) = -1.2

+2.0V, Eo = 0.0V then +ve scan, ECPC = 60 sec,

Electrolyte deaeration with N 2 = 2-5 min. Electroanalysis = Standard Addition Method.
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The buffer solutions which were used in this work were made as described in Chapter 2
under reagents and solutions section 2.2.2 while the electrolyte solution pH was
measured and monitored using “Merck-Universalindikator pH 0-14” strips. As a result
of this work, it was concluded that all CV responses were similar even at different pH
values. In short, no pH solution value was superior for oxalic acid determination when
investigated with a bare Pt-wire electrode.

4.3.2

Oxalic acid determination using gold-foil electrodes

Gold-foil electrodes were also considered. As with platinum wire electrodes a well
defined irreversible oxidation response was observed at a relatively high anodic potential
of approximately + 1.20V. Gold was selected on the basis of its favourable catalytic
properties [178]. As a result of this work, oxalic acid and oxalate salts were detected
with gold electrodes at relatively high anodic potentials with a sensitivity comparable to
platinum electrodes. A typical CV of oxalic acid trace determination in a standard salt
solution can be seen in Figure 4.3.
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Figure 4.3: Au-foil electrode detecting 155 ppm oxalate in deoxygenated 0.1M NaCl
between the potentials of -1.0V and +2.0V with a scan rate of 100mV/s. Peak 1
correspond to oxalic acid oxidadon. Peaks 2 and 3 correspond to reduced species of the
electrolyte. The dashed line corresponds to the voltammogram of the supporting
electrolyte.
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The resultant cyclic voltammogram in Figure 4.3 displays good electroactivity within the
standard salt matrix. Peak 1 in the cyclic voltammogram represents oxalate oxidation at a
relatively high anodic potential of + 1.17V while Peak 2 represents oxalic acid reduction.
In addition, electropreconcentration was investigated with Au-foil electrodes, however,
the process was not successful as is the case with most untreated foil electrodes i.e. active
sites on the limited electrode surface become inactivated by contamination.
Normally, the urine of healthy adult males contains between 7-44 ppm urinary oxalate
while adult females contains between 4-31 ppm urinary oxalate and children between 13
38 ppm urinary oxalate [179,182], therefore the standard calibration curve was limited to
100 ppm oxalic acid. The standard calibration curve (Figure 4.4) of oxalic acid was
constructed using a bare Au-foil electrode in a standard 0.1M NaCl solution.
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o
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Figure 4.4: Oxalic acid standard calibration curve using Au-foil in 0.1M NaCl.
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The calibration curve shows that oxalic acid linearity is good and that solid Au-foil
electrodes can be used for such determinations in clean standard solutions. Other relevant
details are shown in Table 4.3.

Table 4.3
Electroanalytical data obtained with gold electrodes

Linear
R ange

E lectrod e

M atrix

pH

E p (o x )

Ep(red)

i(o x )

i(red)

LOD

Au-foil 1

0.1MNaNC>3

7.0

+1.17V

-0.33V

0.29 mA

0.18 mA

3 ppm

1-100
ppm

Au-foil 2

0.1MNaNO3

7.0

+ 1.26 V

-0.30V

0.22 mA

0.10 mA

3 ppm

1-100
ppm

Au-foil 1

0.1M NaCl

7.0

+1.25V

-0.32V

0.22 mA

0.10 mA

3 ppm

1-100
ppm

Au-foil 2

0.1M NaCl

7.0

+ 1.26V

-0.32V

0.25 mA

0.10 mA

3 ppm

1-100
ppm

Au-foil

Acetate
buffer

3.4+

+1.19V

-0.40V

0.22 mA

0.12 mA

3 ppm

1-100
ppm

Au-foil

Phosphate
buffer

4.6*

+ 1.20 V

-0.35V

0.18 mA

0.12 mA

3 ppm

1-100
ppm

Where:
f

= Walpole Acetate buffer; (Chapter 2.0, Section 2.2.2).

*

= McIIvane Phosphate buffer; (Chapter 2.0, Section 2.2.2).

LOD

= determined experimentally.

Experimental Parameters
Waveform = cyclic voltammetry, E(Working) = Au-foil, E(reference) = Ag/AgCl, E(counter) = Pt-gause,
Scan Rate = 100 mV/s, E(range) = -1-0

+2.0V, Eo = 0.0V then +ve scan, I (range) = 10mA/V,

ECPC = not carried out, Electrolyte deaeration with N 2 = 2-5 min. Electroanalysis = Standard Addition
Method.
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As a result of this work, it was found that Au-foil electrodes are capable of oxalic acid
determinations in standard salt solutions. However, the effect of solution pH for oxalic
acid determinations was insignificant; that is, virtually all oxalate determinations displayed
similar CV responses at different pH values.

4.3.3

Oxalic acid determination using glassy carbon and carbon foil
electrodes

Glassy carbon and carbon foil electrodes were considered for oxalic acid determinations
in 0.1 M NaCl and 0.1M NaNC>3 solutions because it was reported that carbonaceous
electrodes are free of oxide formations and also exhibit low residual currents during
electroanalysis [178]. In addition, these electrodes have been suggested to be better than
noble metal electrodes for oxidation studies at high anodic potentials [178].
In this work no oxalate response was produced using such electrodes inconjunction with
cyclic voltammetry. Oxalic acid spiking was commenced at low levels (ppb) then
gradually increased to higher levels (ppm) but without success. Various electrochemical
waveforms were also used in order to investigate oxalate sensitivity in standard solutions
but unfortunately no response could be produced using either bare GC or CF electrodes.
Therefore, since ECPC and EC determination were not possible with bare carbonaceous
electrodes (even in clean standard solutions at pH 7.0) investigation with CM E’s was
then considered.

4.3.4

Sensor design

It is known that conducting polymers such as polypyrrole are capable of undergoing EC
ion-exchange reactions [184-186]. Therefore, these polypyrrole electrodes can be
classified as anion-exchangers. For example, they can ion-exchange chlorides for
oxalates. Consequently these electrodes were considered for such a task.
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4.3.4.1

Ion-Exchange capabilities of CME’s using cyclic voltammetry

It has been shown previously that incorporation of counterions into the polymer will
change the electrochemical properties of the polymer [185,186-190]. Thus, the ability of
polymers to undergo ion-exchange (IE) with C2O42" was considered using cyclic
voltammetry.

4.3.4.2

Ion-Exchange using Pt/Polypyrrole electrodes

Ion-exchange using polypyrrole CME’s was initially studied using anion C2O42' and
polymer PP(C1). A Pt/PP(Cl) polymer electrode was galvanostatically synthesised
according to standard procedures then scanned in 0.1M KC1 solution between the
potential range of -0.80V and +0.70V to precondition the electrode. The first cyclic
voltammogram recorded was registered as the “blank”. At this stage no reaction takes
place, as in Equation 4.3.

Pt/PP(Cl) + KC1 -► Pt/PP(Cl) + K+ + ClEq. 4.3
To the electrolyte a quantity of oxalic acid (i.e. (COOHfe) was introduced, expecting EC
ion-exchange to occur according to Equation 4.6.

Pt/PP(Cl) + (COOH)2

Pt/PP(C20 4) + Cl- + 2H+
Eq. 4.6

Finally, the newly formed Pt/PP(C2C>4) electrode was washed with doubly distilled
water, immediately immersed into clean 0.1M KC1 solution and scanned anodically in
order to reverse the ion-exchange process according to Equation 4.7.

Pt/PP(C204) + KC1

Pt/PP(Cl) + C2O42- + 2H+ + K+
Eq 4.7
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The electrochemical ion-exchange mechanism transformed the modified Pt/PP(C204)
working electrode back into its original Pt/PP(Cl) form. Cyclic voltammetric responses
produced during the transformation period were unique in pattern. Additionally, this ion
exchange “switching’' mechanism can be successfully repeated many times. However,
the current range (Ir) of each CV response gradually decreased with each consecutive
"switch". Overall, the ion-exchange mechanism can be summarised diagrammatically
according to Figure 4.5.

ION-EXCHANGE MECHANISM OF POLYPYRROLE
ORIGINAL CME

PP(C1)
STEP 4. C l

C 2 0 4 STEP 1

PP(C2 04 )

PP(C2 04 )

<---- Cl

STEP 3. c 2 o | -

STEP 2.

PP(C1)
OXALATE ANIONS (FROM OXALIC ACID OR OXALATE SALTS)
CHLORIDE ANIONS (FROM SALTS OR HC1)

Figure 4.5: Schematic diagram of a typical ion-exchange mechanism between a
Pt/polypyrrole-chloride and oxalate. Steps 1-4 are ion-exchange sequences.
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Several derivatives of polypyrrole were used for the investigation of the ion-exchange
mechanism but only Pt/PP(Cl) is used as an example. With the use of CV, the ion
exchange mechanism was confirmed experimentally, i.e. by consecutive and selective
counterion “switching” which produced unique CV patterns appropriate to certain anions.
In short, ion-exchange was successfully undertaken with this particular CME. Figure 4.6
illustrates polypyrrole chloride and polypyrrole oxalate cyclic voltammograms.

124
X

« .U A

-10

EVI

*

0-7

S'/)

Figure 4.6: Ion-exchange mechanism between polypyrrole oxalate and chloride
illustrated by cyclic voltammetry. Electrolyte 0.1MKC1, Scan Rate 100 mV/s, Ir =
0.1 mA/V. Post ion-exchange, Figure 4.6a represents Pt/PP(Cl) while Figure 4.6b
represents Pt/PP(C204).
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Several CM E’s were prepared with different polymer thicknesses in order to study their
ion-exchange capabilities. With the use of cyclic voltammetry, the thinnest polymers
displayed the most noticeable or the most dominant change and possibly the best ion
exchange process while thicker polymers displayed the greatest electrical activity and
cathodic peak height. This phenomenon is illustrated in Figure 4.7. As a result of this
work, thin film CME’s were used in subsequent ion-exchange experiments.

Figure 4.7: The effect of polymer thicknesses on voltammetric behaviour in oxalic acid.
Three different thicknesses of Pt/PP(Cl) electrode scanned in 0.1 M oxalic acid. Scan rate
50 mV/s.
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4.3.4.3

Ion-Exchange using Pt/poly(3-MethyIthiophene) electrodes

Ion-Exchange using poly(3-methylthiophene) in oxalate spiked chloride and nitrate
solutions was investigated using cyclic voltammetry. However, this experiment was not
successful.

4.3.4.4

Ion-Exchange using Pt/polyaniline electrodes

Polyaniline films were also investigated in the ion-exchange program. Polyaniline oxalate
polymer was considered and subsequently tested in 0.1M NaCl at various pH levels. A
Pt/PA(NÛ3) electrode was synthesised according to standard procedures (described in the
Experimental Section), and preconditioned in a standard 0.1M NaNC>3 solution which
was acidified to pH 3.0 with 1:1 nitric acid. This was followed by cyclic voltammetry in
0. 1M (COONa)2 solution. The aim was to ion-exchange nitrates for oxalates according to
equation Equation 4.9.

Pt/PA (N03) + (C20 4)2- -> Pt/PA(C20 4) + NO3Eq. 4.9
The occurence of polyaniline oxidation/reduction process makes ion-exchange possible.
For more detail on PA states refer to section 2.1.1.1. The next part of the investigation
was to transform the newly formed Pt/PA(C204) back into Pt/PP(NC>3) using the ion
exchange mechanism.
Post synthesis or ion-exchange, the newly formed Pt/PA(C2 0 4 ) electrode was
immediately rinsed with distilled water, immersed into a fresh solution of 0.1 M NaN03
(pH 3.0) and continuously scanned until stable C V ’s were produced which were
characteristic of polypyrrole nitrate (Equation 4.10).

Pt/PA(C20 4) + N aN 03

-*

Pt/PA(NQ3) + (C20 4)2- + Na+
Eq. 4.10
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The ion-exchange “switching” mechanism was carried out successfully several times with
the same electrode. In short, the CV’s showed identical patterns for specific anions.
Generally, the ion-exchange mechanism performed well with polyaniline CME’s. Typical
CV sequences are shown in Figure 4.8.

Figure 4.8: Cyclic voltammograms using Pt/PA(N03) in 0.1M (COONa)2-

Key:
1 = Pt/PA(N03) + C20 4*12- -> Pt/PA(C20 4)
2 = Pt/PA(C204) + NO3-

Pt/PA(N03)

Ion-exchange is possible due to oxidation-reduction states of PA polymer. Refer to
Section 2.1.1.
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4.3.4.5

The Ion-Exchange mechanism

Electrochemical characterisation of novel CME’s which have been tested in standard
solutions to investigate the ion-exchange mechanism shows that all polypyrrole CME’s
have unique CV patterns related to specific counterions. This was also the case with
poly aniline polymers. Furthermore, thinner CME’s displayed the most noticeable or the
m ost dominant change (and possibly the best ion-exchange process) while thicker
polymers displayed the greatest conductivity and peak resolution. In short, CM E’s can
act as good anion exchange membranes and that EC binding complexes within the
polymer network films are electrochemically versatile and simple. However, this ion
exchange technique has some limitations. For example, polypyrrole and polyaniline
CME’s can be used only to bind anions, their binding capacity varies with potential and
they have no binding capacity when they are reduced.

4.3.5

Preliminary investigation of urinary oxalates using a Pt-wire
electrode

Previous investigation showed that bare Pt-wire electrodes were quite satisfactory for
oxalate determ inations in standard aqueous solutions but can not be used in
electrochemical preconcentration techniques. Therefore, platinum wire electrodes were
considered in initial trials of electroanalysis for the determination of urinary oxalates.
In this work, the use of cyclic voltammetry with bare Pt-wire electrodes for oxalate
determinations in urine simply did not work, absolutely no response was produced. A
typical CV using a Pt-wire in urine can be seen in Figure 4.9.

129

Figure 4.9: A typical CV of oxalic acid determination in urine (1:100) with the use of a
Pt-wire electrode between the potentials of -1.0V and +1.70V with a scan rate of
lOOmV/s. No electrochemical response was due to electrode poisoning.
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In short, oxalates ( i.e. oxalic acid, sodium and potassium oxalate) could not be detected
in the expected anodic potential of approximately + 1 .00V, as was possible in clean
standard solutions. Several experimental trials were planned and carried out in order to
make a definite conclusion on oxalate sensitivity.

However, as a result of this

investigation it was resolved that oxalate determinations in urine cannot be carried out
directly with solid electrodes without some sort of sample pretreatment process. Too
many interferences poison the platinum electrode surface and consequently impede
oxalate detection. The platinum electrode surface in a complex matrix such as urine
quickly becomes contaminated with various constituents such as proteins, urea, bile salts
and porphyrins. Therefore, in order to overcome this problem of electrode contamination
a method had to be found or developed whereby the urine sample would be either cleaned
up or simplified.

4.3.6

Oxalate determination in artificial urine with a Pt-wire electrode

Prior to the actual oxalic acid electroanalysis in a real sample the Pt-wire electrode was
initially tested in a standard 0.1M NaCl solution and spiked with a quantity of oxalic acid
to prove that it was electrochemically capable of EC sensing. As a result of this
preliminary work it was found that the Pt-wire electrode was capable of sensing oxalic
acid and so the work progressed to electroanalysis in artificial urine.
Subsequent work indicated that the Pt-wire electrode was unable to detect oxalic acid in
artificial urine, even though large quantities of oxalic acid were consequently added (i.e.
from 1-1000 ppm) to the electrolyte. No response was produced, i.e. no oxalate
response was detected at the expected voltage of approximately +1.00V. As a result of
this work it was concluded that solid Pt-wire electrodes even in artificial urine were
impeded. Since the use of ECPC procedures with Pt-wire electrodes was not effective
our investigation was diverted towards the use of CME technology and towards the
investigation of urinary interferents.
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4.3.6.1

Pt-wire electrode in dilute urine

A clean Pt-wire electrode was tested in a standard 0.1M NaCl solution to determine
whether it was capable of sensing oxalates. Carrying out this task proved that the Ptwire electrode was capable of such a task. Relatively good responses were produced by
using CV. Therefore, knowing that the electrode was electrochemically functional it was
then applied in electroanalytical use, but this time in diluted urine (1 :100), with all
experimental parameters remaining constant. As with the previous section, the urine
sample was pretreated by filtering through a 0.45pm filter and diluting with 0.1M NaCl
to a ratio of 1 :100.
As a result of this work, it was still not possible to obtain an oxalate response using CV,
meaning that the Pt-wire electrode surface was still being deactivated by some unknown
factor(s). Further spiking the urine matrix with dilute oxalic acid solution also proved
fruitless. On the other hand, excessive oxalic acid spiking definitely poisoned the
electrode surface which in turn caused other electroanalytical problems. In short, bare Ptwire electrodes were unsuccessful for urinary oxalate determinations even in dilute
samples.

4.3.6.2

Pt-wire electrode in chloride-free diluted urine

Chloride removal from urine samples has already been covered previously in section
4.2.6.1. Prior to electroanalysis of oxalic acid in a chloride free urine sample, thorough
sample deoxygenation was carried out. The working potential range was set between the
potentials of -1.00V and +1.70V (vs Ag/AgCl) with a scan rate of 100 mV/s. Subsequent
work showed that even though the urine sample was chloride free and very dilute
( 1 :100), it was still not possible to detect oxalic acid using cyclic voltammetry or with any
other electrochemical waveform for that matter. Low to high levels of oxalic acid spiking
(1-1000 ppm) also proved fruitless. Lower and higher scan rates were also used but still
without success. Therefore, subsequent oxalic acid determinations were investigated
using CME's.
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4.3.7

Chemically Modified Electrodes

Due to the inability to preconcentrate with solid conventional electrodes, novel CME’s
were considered. In addition, investigations were also carried out to determine if oxalate
sensitivity can be enhanced.

4.3.7.1

Oxalic acid determination with a Pt/PP(Cl) electrode

The first CME to be used as a potential EC oxalate sensor in aqueous solutions was
polypyrrole-chloride, i.e. Pt/PP(Cl). Films were grown under standard conditions as
described in the Chapter 2. Initially, all polymer preparations were carried out in aqueous
solutions containing 0.1M pyrrole with appropriate concentration of counterions (i.e.
0.5M KC1, NaCl or HC1). Electrochemical polymerisation (ECP) of monomer pyrrole
was carried out galvanostatically to obtain an estimated film thickness ranging between
0.25p.m and 0.75}im [134]. Finally, the CME was preconditioned in either 0.1M NaCl
or 0.1M N aN 03 between the potentials of -1.00V and +0.70V by scanning at 50 mV/s
(Figure 4.10).
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Figure 4.10: Pt/PP(Cl) electrode scanned between the potentials of -1.0V and +0.7V
0.1M NaCl with a scan rate of 50mV/s.
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Overall, the novel CME displayed good electroactivity. The oxalic acid spiked electrolyte
(50-250 ppb) produced a slight response (in comparison to the blank CV) to the higher
concentrations of oxalic acid addition. As a result, no oxalate oxidation response formed
within the set potential range (the electrode potential was intentionally limited to +0.7 V to
prevent polymer deterioration). However, it was hoped that if an oxalate response did
occur that it would appear at lower potentials. The ability to preconcentrate was
considered between the potentials of 0.0V and +O.70V for periods of up to five minutes,
however the operation was also unsuccessful. Faster scan rates were also investigated
(i.e. up to 2.0V/s) but still to no avail. Therefore, since Pt/PP(Cl) CME’s could not detect
oxalic acid between the potentials of -1.00V and +-0.70V even higher anodic potentials
were considered.

4.3.7.2

Preconcentration at Pt/PP(Cl) using higher anodic potentials

Knowing that ion exchange occurs with PP(C1) polymer electrodes and that oxalic acid
oxidation occurs at relatively high anodic potentials, as indicated by bare Pt-wire
electrodes, a ECPC step at +0.70V was set for a period of 5 minutes prior to sweeping
towards the positive potential of +-1.30 volts. As a result of these new experimental
parameters a very good oxalate response resulted at approximately +1. IV but with
subsequent scan sequences the oxalate response gradually diminished (Figure 4.11).
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Figure 4.11: Pt/PP(Cl) electrode detecting 5 ppm oxalic acid in 0 .1M NaCl between the
potentials of +0.7V and +1.3V with a scan rate of 50mV/s. ECPC was carried out at
+0.7V for a period of 5 minutes then scanned anodically. The oxalate peak is located at
+ 1.0V (vs Ag/AgCl).
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The cyclic voltammogram in Figure 4.11 indicated that this particular CME can determine
oxalic acid in a clean electrolyte with the use of ECPC procedure. Since it was reported
that polypyrrole polymers degrade at relatively high anodic potentials (i.e. > +0.70V)
[120], the above procedure could not be repeated with the same electrode. Therefore, the
CME was only good enough to be used for one scan only then it had to be discarded. In
summary, the above work indicates that polypyrrole polymers can be used as oxalic acid
sensors in clean standard solutions and at relatively high anodic potentials. As a result of
this work, other polypyrrole derivatives were sought as possible EC sensors in the hope
that superior CME’s might be found.

4.3.7.3

Determination of oxalic acid using oxidised polypyrrole
electrodes

Oxidised Pt/PP(Cl) electrodes warranted investigation as possible electrochemical oxalate
sensors due to their ion-exchange capability [49,120,186].

An oxidised polymer

electrode was prepared, washed with doubly distilled water and immediately immersed
into deoxygenated 0.1M NaCl solution. During electroanalysis aliquots of oxalate
solution were added ( 10-200 ppm oxalic acid) to the electrolyte but no oxalate response
could be obtained within the set potential range of -1.0V and +0.7V, even in conjunction
with optimum preconcentration procedures. In order to overcome the problem of oxalic
acid detection, it was decided to extend the electrode potential range towards the more
anodic potentials, i.e. up to + 1.30V, with the use of ECPC.
A fresh Pt/PP(Cl) electrode was prepared according to standard procedures and tested.
As a result of this investigation a weak signal was generated at approximately + 1.15V. In
order to ascertain whether the response was due to oxalate oxidation, the test was
repeated once more and the outcome of this work was positive. Experimentally, it was
found that oxidised Pt/PP(Cl) polymers can be used as oxalate sensors in clean
electrolytes. Therefore, since oxalic acid determination with the use of oxidised CME’s
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was successful the work progressed towards the consideration of other oxidised CME
derivatives, such as polypyrrole nitrates.
Oxidised polypyrrole nitrate electrodes were investigated for the same objective, i.e. as
potential disposable EC oxalate sensors. In this work it was resolved that this particular
oxidised CME was capable of oxalate determination at relatively high anodic potentials
(+1.26V) in clean standard solutions such as 0.1M NaCl. Similar results were also
obtained with potassium oxalate salts. Figure 4.12 shows typical CV’s of such an
investigation.
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Figure 4.12: Oxidised Au/PP(N0 3) electrode detecdng potassium oxalate between the
potentials of 0.0V and +1.5 V in a 0.1M NaCl matrix at a scan rate of 100 mV/s. ECPC
was carried out at 0.0V for a period of 1 minute. The oxalate response (Peak 1) was
recorded at +1.26 V (vs Ag/AgCl). Peak 2 corresponds to reduced state of Au. Peak 3
corresponds to polymer oxidation. The dashed line corresponds to the voltammogram of
the supporting electrolyte.
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The oxalate response was produced at an anodic potential of + 1.26 V. Further, the CV
shows that the oxidation of potassium oxalate is an irreversible reaction. Subsequent
aliquot additions resulted in a peak height increase which was directly proportional to the
quantity introduced. In short, this CME was found to be excellent for oxalate
determinations in standard salt solutions.
The same experiment was repeated but this time round using DPV to determine whether
the LOD could be enhanced since pulse voltammetry is a better waveform in comparison
to cyclic voltammetry for electroanalysis. The main reason for this is the ability to
discriminate between faradaic and capacitative currents [166]. Rejection of the capacitative
currents by DPV improves the detection limits. From the experimental data a standard
addition calibration curve was constructed which can be seen in Figure 4.13.

Figure 4.13: Potassium oxalate standard calibration curve using
oxidised Au/PP(NÛ3) electrode.
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Differential pulse voltammetry (DPV) was used to construct a standard calibration curve
of potassium oxalate in 0.1 M NaCl. The standard calibration curve shows that linearity
is achieved up to 100 ppm which is quite sufficient for this work. Other electrolytes such
as sodium nitrate and 0.01M H2SO4 were used, compared and found to be similar to
standard 0.1M NaCl. Basically, all electrolytes performed equally. The oxidation
potential of potassium oxalate occurred at a potential o f + 1.12V.

4.3.7.3.1

Urinary oxalate determination with polypyrrole-based CME’s

Since solid electrodes could not carry out urinary oxalate determinations due to surface
contamination and their inability to perform ECPC it was decided to consider the use of
novel CM E’s for the same objective, i.e. Pt/PP(Cl), Pt/PP(NC>3) and Au/PP(NC>3)-ox.
Investigations using CME’s for urinary oxalate determinations were carried out with
cyclic voltammetry and DPV. Urinary determinations were investigated at various
dilutions (i.e. 1:5 and 1:1). However, this investigation proved unsuccessful even when
relatively large amounts of oxalic acid (10-1000 ppm) was subsequently added to the EC
cell. There seems to be some inhibitor(s) in the urine which prevents oxalate detection
with the use of novel CME’s.

4.3.7.4

Effect of polymer thicknesses

During the course of our investigation both thick (0.84 pm) and thin (0.42 pm) oxidised
A u/PP(NC>3) films were investigated because previous work showed that both
thicknesses were able to determine oxalates in clean standard solutions. In this case they
were tested in a urine matrix. Three types of analytical methods were planned to resolve
the problem of electrode interference.
Initially a relatively thin film CME of 0.42 pm thickness was used for electroanalysis
according to method N° 1, i.e. sample acidification to pH 3.0 (10 mL 2M HC1 per 500
mL urine sample), dilution with doubly distilled water (1:5), SEP-PAK filtration, spiking

141

with oxalic acid followed by electroanalysis. As a result of this work, oxalic acid
determination using the thinner oxidised Au/PP(N0 3) was unsuccessful.
With electroanalytical method No. 2 the CME was a relatively thicker oxidised polymer
film (0.84 p.m). In addition, the method was slightly modified, i.e. the urine sample was
spiked, acidified, filtered and finally analysed. However, the result also proved to be
unsuccessful.
The work carried out in this section either proved that CME’s are inefficient oxalate
sensors in a urine matrix or that the sample pretreatment was not optimised, i.e. the SEPPAK filtering system was not 100% efficient which consequently caused deactivation of
the CME. Figure 4.14 represents EC sample pretreatments and electroanalysis
procedures.

M ethods of oxalate analysis

Figure 4.14: Methods of oxalic acid analysis

Experimental Parameters:
Electropolymerisation = Galvanodynamic
Instrument = Galvanostat (AEDA)

Electrolyte = 0.1M Pyrrole in 0.1M NaNC>3
CME Oxidation = in 0.1M H2 SO4 for 30 min
Instrument = BAS, CV-2
Continuous scanning between = -0.5V and +1.6V

Scan Rate = 100 mV/s
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4 . 3 . 7 .5

Oxalic acid determ ination using polyaniline C M E ’s

Polyaniline CME’s such as Pt/PA(C1) and Pt/PA(N03) were also investigated as possible
oxalic acid EC sensors in aqueous electrolytes (pH <7.0) using EC waveform cyclic
voltammetry.

.

Other oxalate salts, such as sodium and potassium oxalates were also investigated but to
no avail. In addition, it was reported that the polyaniline CME’s do not function in
solutions of pH >5.0 [77,115,192,193]. This phenomenon was proven experimentally
and is illustrated in Figure 4.15.

-

0-8

E(V)

+1-2

Figure 4.15: A typical CV of a Pt/PA(C1) electrode in 0.1M NaCl (pH 7.0) spiked with
50 ppm (COONa)2 »between the potential range of-0.8V and +1.20V with a scan rate of
50mV/s. ECPC was carried out at 0.0V for 5 minutes then scanned positive.
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Electrolyte acidification (pH <4.0) [115,193] using mineral acids (e.g. HC1) prior to
sodium oxalate determination proved promising, i.e. sodium oxalate detection in clean
acidified solutions was possible. The oxalate response was produced at +0.75V and
additional oxalate spiking increased its peak height. A typical cyclic voltammogram of
sodium oxalate was produced with the use of Pt/PA(C1) in protonated solutions (pH 3.0,
2.0 and 1.0) is shown in Figure 4.16.

Figure 4.16: PtfPA(Cl) detecting (COONa)2 at +0.75V in acidified O.lMNaCl. ECPC
was carried out at 0.0V for a period of 1 minute. Scan rate was 50 mV/s. Peak 3
corresponds to oxalate oxidation while other redox couples corresponds to oxidation and
reduction of poly(aniline) between its three conducting forms. Responses are explained
in text.
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Peaks number 1 and 2 recorded in the Figure 4.16 are characteristic of polyaniline
overoxidation while Peak number 3 represents oxalate electro-oxidation. Peaks 4 ,5 and 6
represent reduced species within the electrolyte. Polyaniline thin films at lower pH values
have higher peak currents. The above work was carried out in acidified 0.1M NaCl (1:1
HC1, pH 1.0) using an polyaniline chloride electrode because it was reported that
electroactivity of polyaniline is a function of protonation [115,193]. A standard addition
curve was produced from subsequent experimental data and is shown in Figure 4.17.

Figure 4.17: A standard calibration curve of sodium oxalate using Pt/PA(C1) in 0.1M
NaCl.

The graph in Figure 4.17 shows oxalate linearity up to 8 ppm then subsequently a
negative deviation occurs. This phenomenon indicates that the electrode surface capacity
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or the electrode limit has been reached. The oxidation peak potential of sodium oxalate
was recorded at +0.75V. Similar results were also obtained with oxalic acid additions.

4.3.7.6

Oxalic acid determination using poly(3-methylthiophene)
electrodes

Poly(3-methylthiophene) conducting polymers were also considered as EC sensors for
oxalic acid determinations in conjunction with cyclic voltammetry. As a result of
extensive investigations, it was found that oxidation-reduction response of the poly(3methylthiophene) changed constantly with consecutive scanning and that the polymer
electroactivity decreased rapidly in standard electrolytes during electroanalytical
procedures. Generally, the polymer was relatively unstable due to the loss of its
counterions and once the counterion were lost from the polymer network, replacement
was very difficult. Many attempts were undertaken with ion-exchange procedures to
restore the polymer electroactivity but this task proved very difficult and was not
resolved.

4 .4

CONCLUSION

Excessive quantity of urinary oxalates are considered to be toxins and therefore need to be
monitored and analysed. This determination needs to be carried out relatively quickly for
oxalates in urine are highly volatile. Urinary pretreatment methods such as heating and
acid digestion are unsatisfactory and generally not recommended since CO2 and H2O are
formed during oxalic acid decomposition, and are lost. In addition, the reaction is
irreversible. Therefore, determinations undertaken by the above methods will give
underestimated or inaccurate values.
Investigation shows that bare Pt-wire electrodes and certain CME’s are capable of oxalate
detection in standard solutions but not in complex matrices such as urine. This
phenomenon is suspected to be due to electrode poisoning. Subsequently, extensive
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clean-up pretreatment techniques were investigated both with artificial and natural urine in
order to achieve some success but unfortunately both media were very complex and the
problem could not be resolved.
Electroanalysis of oxalates with the use of ECPC techniques was successful in clean
standard solutions but not in real samples. The best CME's for oxalic acid determination
was found to be oxidised Au/PP(NC>3) followed by protonated Pt/PA(NC>3). With these
two named CME's, relatively good sensitivity can be obtained.
Some advantages are associated with CME's e.g. they are relatively easy to synthesise
and are disposable. Although there are still problems to be resolved, development of
CM E's will be advanced which will subsequently promote progress in the field of
electroanalytical chemistry.

ER R A TA

Addition to Conclusion:
Disposable CME's such as, oxidised Au/PP(Cl) and oxidised Au/PP(N 03) when
used with cyclic voltammetry and differential pulse voltammetry can be utilised
as oxalates sensors, however, in clean electrolytes. Both electrodes were
reproducible under ideal conditions, ie, oxidised Au/PP(N 03) detecting 50ppm
potassium oxalate in 0.1M NaCl produced anodic currents of 30jiA ± 2jiA.
Further, when large strips of oxidised Au/PP(Cl) and oxidised Au/PP(N 03)
electrodes were made, cut into specific electrode sizes and subsequently tested as
oxalate sensors they produced anodic currents of similar range, ie, 30jiA ± 2\iA.
In short, disposable C^ME's such as, oxidised Au/PP(Cl) and oxidised
Au/PP(N 03) are reproducible in clean electrolytes but not in urine samples.

CHAPTER 5: GENERAL CONCLUSION
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5 .1

GENERAL CONCLUSION

Investigations were carried out with PBMTFE's and novel CM E’s in practical
applications such as trace lead and oxalate determination in urine.
It was found that PBMTFE’s in urinary lead determinations were extremely efficient and
in preconcentration applications, on line. Additionally, they can be used in competition
with conventional working electrodes.
The CM E’s which were successfully used for trace lead determinations (in ppb range)
were GC/Hg/PP(N0 3) and CF/Hg/PP(NC>3). These polymer based mercury electrodes
were used in reductive processes due to favourable EC properties e.g. high overpotential
for hydrogen [114], amalgam formation was used to preconcentrate the metal ions
followed by voltammetric stripping methods [114], increased sensitivity was obtained
due to higher surface area to volume ratio [194] and improved mechanical stability for
use in flow-through cells [195]. In addition, CF/Hg/PP(NC>3) electrodes are disposable,
easy to synthesise on a reproducible basis and relatively inexpensive. Furthermore, the
stability of CME’s is quite satisfactory under the conditions used.
Sensitivity is not always the most important characteristic of an analytical method;
selectivity and speed are often more desirable. In the case of CME’s both selectivity and
sensitivity are excellent, and speed of analysis is comparable to other EC techniques,
such as ASV.
CME’s were also considered for trace determinations of organic species (i.e. oxalate) in
aqueous solutions and subsequently in real samples. The aim was to determine whether
CM E’s were functional in urine without the problem of electrode poisoning, and if
successful, to use them in pathological applications. Pragmatically, CME s can detect
oxalate ions in clean standard solutions. However, in real samples (e.g.urine) the ion
exchange mechanism of the CME is impeded by some unknown matrix component(s)
which consequently inhibits oxalate detection. As a result, all CME s which were
investigated in urine samples were not functional. An investigation on the effect of
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electrode deactivation is beyond the scope of the present study.

5 .2

FUTURE WORK

The next generation of researchers investigating CME's in urinary electroanalytical
applications must foremost resolve the problem of electrode poisoning. In urinary
determinations, sample pretreatment is an important prerequisite in any electroanalytcal
application.
Another experimental electrochemical parameter which must be investigated is in the area
of CME activation prior to electroanalysis. Electrode activation is absolutely necessary in
order for it to function at maximum capacity. For example, Pt/PA(NC>3) electrode
activation in 0.05M H2SO4 (under nitrogen) by cycling for a period of time (30 to 60
minutes) in the range of 0.0V to +0.50V. The effect of electrode activation has never
been addressed and therefore warrants attention in the future.
New methods of preconcentration need to be investigated also. For example, by
maintaining the CME in a reduced form by cathodic polarisation (e.g. -0.05V to 0.0V) in
the electrolyte for a period of time (under continuous stirring) and then by adding a
quantity of oxalate to the system prior to anodic scanning. Previously, most
preconcentration methods were carried out at anodic potentials.
Future scheming with CME’s need to be planned. During the course of this research only
three organic monomers were used for the construction of CM E’s. However, many
more organic monomers exist and therefore warrant investigation. The subject of
electropolymerisation is relatively young (and challenging) and therefore numerous
possible combinations of CME synthesis can be carried out. In future investigations,
electropolymerisation processes such as cathodic, anodic and copoylmerisation must be
equally looked at in order to meet specific electroanalytical requirements.
Finally, new electrode materials will also have to be investigated primarily because of
their effect on altering the electrode chemical reaction. It may be possible that these new
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conductive materials have properties which are ideal for specific electroanalytical
applications. For example, conductive and optically transparent carbon film electrodes
(OTCFE's) have been developed recently by Anjo, Brown and Wang [194] with similar
properties to glassy carbon [195]. Subsequently, optically transparent electrodes have
already been used in electroanalytical applications by Mattson and Smith [196] and also
by DeAngelis, Hurst, Yacynych, Mark, Heineman and Mattson [196,197].
Another electrode m aterial which may be considered in future electroanalytical
investigations is boron-doped polycrystalline diamond thin films [198-200]. From an
application perspective, the wide variability in the electrical properties of synthetic
diamond produced by various doping processes is an attractive feature of this material
[199-201]. In addition, the use of boron-doped poly crystalline diamond thin films is
intriguing because of the possibility that its study may provide new insights in the area of
electrochemistry.
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APPENDIX 1
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DESCRIPTION OF ELECTROCHEMICAL TERMS AND
CONVENTIONS FREQUENTLY USED

Terms:
anodic

positive potential (oxidative)

b ackgroun d current

interfering current which contributed to results other than
the presence of the analyte species.

cathodic

negative potential (reductive).

charging current

the current that flows in the absence of analyte species, and
which is due to the charging of the electrical double layer
on the surface of the electrode, this layer acting as a type of
condenser.

electropreconcentration

concentration of trace metals from a large sample volume
into a very small electrode volume.

oxidation

a positive current flow (electron loss from the analyte
species).

reduction

a negative current flow (electron gain by analyte species).

sensitivity

refers to peak amplitude with respect to the analyte species
concentration.
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Terms (continued):

electrochemical stripping

the electrodeposited metal within the MTFE is re-oxidised
to ions and stripped from the electrode.

m ercury thin film

a film of mercury is electrodeposited onto a solid electrode.

reference electrode

is designed to have a constant potential, independent of
solution conditions, and so it can be used to monitor the
potential of the working electrode.

signal-to-background ratio

refers to the peak current compared with the background
current.

w orkin g electrode

is where the desired electrode reactions occur.

165

Conventions used with cyclic voltammograms throughout this project are represented in
the following diagram:

5.
J _ C 5 JJA

P Q £ T IV £ (A N C G C ]

E SCAN

A typical voltammogram and its electrochemical terms

APPENDIX II

1.

Estimation of polypyrrole film thickness by calculation

Electrochemical Parameters
24 mC/cm2 produces approximately 0.10 pm of polypyrrole film at S.T.P. [173]
ECP time

= 60 s

Surface area of Pt-wire electrode (SA)

= 0.157 cm2

Charge density (Q)

= 0.50 mA x 60 s = 30 mC

Calculation
Polymer thickness

Q x 0 .1 0 pm
SA x 24 m C /cm 2
30 mC x 0 .1 0 pm
0.157 cm 2 x 24 m C/cm 2
= 0.79 pm

